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ABSTRACT
Peach: Peaches [Prunus persica (L.) Batsch] are routinely chilled to increase shelf-life.
Exposure to temperatures of 5° C for two weeks can induce chilling injury (CI) symptoms,
including flesh mealiness (or wooliness) and a lack of juiciness. Phenotypic data were collected
on seven biparental F1 peach populations maintained at the University of Arkansas Fruit
Research Station. A genome wide association study (GWAS) was performed using TASSEL 5
which identified four quantitative trait loci (QTLs) associated with expressible juice, four QTLs
for mealiness, five QTLs for soluble solids, and three QTLs for fruit weight. Exploiting these
genetic markers could help breeders identify fruit quality traits in seedlings through markerassisted selection (MAS).
Muscadine: Two biparental F1 muscadine (Vitis rotundifolia Michx.) populations were
phenotyped for flower sex and berry color, and genotyping-by-sequencing (GBS) was performed
to produce high-density genetic linkage maps. A total of 1244 SNP markers in population Black
Beauty [BB] x Nesbitt [N] and 2069 SNP markers in population Supreme [S] x Nesbitt [N] were
mapped to 20 linkage groups (LG) for each population. The results support previous studies
revealing an evolutionary bifurcation of V. vinifera chromosome 7 into two independently
segregating linkage groups in the muscadine, or, conversely, a possible fusion of muscadinederived chromosomes into chromosome 7 of V. vinifera. The locus controlling flower type in
muscadine mapped to a region spanning 4.6 – 5.1 Mbp on chromosome 2, while the berry color
locus mapped to a region spanning 11.1-11.9 Mbp on chromosome 4. These high-density linkage
maps lay the groundwork for marker-assisted selection (MAS) in muscadine and provide clues to
the evolutionary relationship of the muscadine with V. vinifera.

Colorimetry: Precise color identification is critical in many scientific fields, and horticulture is
no exception. Plant breeders must be able to effectively discern colors among plant parts and
provide accurate descriptions when applying for legal protections. The RHS Colour Chart is
currently recognized as the most universally accepted method of assigning color descriptions in
horticulture. The RHS Colour Chart relies on manually matching plant parts with the labeled
color chips provided. Color perception in humans is complicated by many factors, including the
type and quantity of illumination available as well as the individual’s own physiological abilities
and limitations. Scientific colorimeters have been developed to serve as an objective way to
study color, and many hypothetical color space models have been created to enhance this field of
study. The CIE 1976 L*a*b* (CIELAB) color space is widely recognized as a scientific standard
and was used in this study. Traditional colorimeters have been bulky and expensive lab
equipment, but a new, portable, inexpensive LED-based color scanner called the Nix Pro Color
Sensor™ has recently become available. Multiple studies were conducted comparing the Nix Pro
with the Konica Minolta CR-400 colorimeter and the RHS Colour Chart paint chip system. The
results indicate the Nix Pro, which is inexpensive, yields consistent results, and features built-in
color matching capabilities, could be a very useful tool for horticulturists and plant breeders.
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INTRODUCTION
The peach [Prunus persica (L.) Batsch] and the muscadine (Vitis rotundifolia Michx.) are
both crops of economic importance in the U.S., although their natural histories are quite
different. The peach is a temperate tree fruit that originated in China, and it has been cultivated
for at least 4,000 years (Huang et al. 2008). The muscadine berry comes from a grape-like vine
that evolved in the southeastern United States, and it has been cultivated for approximately 400
years (Lane 1997). The peach fruit is fleshy, bruises easily, and is “pubescent or glabrous” with a
hard, stony endocarp (Bassi and Monet 2008). The muscadine fruit resembles a large round
grape with a thick slipskin, and it grows in small clusters that shatter independently from the vine
when ripe. While both species must grow for at least three years until becoming mature enough
to produce fruit, peaches are climacteric and can be picked “green” from the tree. The peach will
typically ripen within a few days to a week, but muscadines are non-climacteric and must only
be picked when they are ripe enough to eat.
With respect to global economics, the peach eclipses the muscadine by a considerable
amount. Since 2009, worldwide peach production has topped over 20 million tons each year
(FAOSTAT 2018), while muscadines are considered a specialty crop in the southeastern U.S.
Due to its world-wide economic importance, the peach genome has already been sequenced, and
significant genetic mapping has been done with its eight chromosomes (2n=16). The second
version of the peach genome was released in March 2015, and it can be accessed at:
https://www.rosaceae.org/. In contrast, relatively little molecular work has been done on the
muscadine. Although the muscadine has grown in popularity in recent years due to interest in its
high nutraceutical content (Conner 2010), the muscadine genome still has not been sequenced.
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The chromosome number of muscadines, 20 (2n=40), is curiously one chromosome greater than
the 19 chromosomes found in the well-known European wine grape, V. vinifera L. (2n=38).
The identification of molecular markers in fruits holds great promise for fruit breeders.
Traditional fruit breeding can take up to 15 years or longer to develop a new cultivar. Market
demands for particular traits in fruits can change rapidly, putting even more pressure on breeders
to release new cultivars as quickly as possible. The utilization of marker-assisted selection
(MAS) and marker-assisted breeding (MAB) has the potential to increase breeding efficiency
and potentially reduce time needed to develop a new cultivar. Creating genetic linkage maps is
an effective tool in locating quantitative trait loci (QTLs), which are DNA sequences associated
with phenotypic traits in crops (Atienza et al. 2014) In the Rosaceae family alone (which
includes peach), hundreds of QTLs have been identified and published in scientific literature
(Folta and Gardiner 2009). Large-scale research efforts such as the RosBREED project
(www.rosbreed.org) are working to integrate DNA information with phenotype data from “crop
reference sets” into Rosaceae breeding programs (Iezzoni 2010). With the low cost of
genotyping services available today, the limiting factor in identifying marker-locus-trait
associations is now the phenotypic data (Peace et al. 2014).
Both peaches and muscadines are actively being improved in the University of Arkansas
fruit breeding program, which is based at the University’s Fruit Research Station in Clarksville.
The identification of molecular markers associated with desirable or undesirable traits would aid
the fruit breeder in finding and selecting for - or against - specific traits in young plants.
New colorimeter technologies have presented attractive options for scientists who need
precise color data from plants and fruits in a reliable, cost-effective, and efficient manner. One
such product, the Nix Pro Color Sensor™, warrants evaluation alongside the current colorimetry
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standard, the Konica Minolta CR-400. The Nix Pro Color Sensor™ is a small, hand-held, LEDbased colorimeter with built-in color matching functions. The ease-of-use and portability of this
new sensor could be important factors for field and bench evaluations by the professional
horticulturist or breeder.
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CHAPTER ONE: LITERATURE REVIEW
PEACH
History
The peach [Prunus persica (L.) Batsch], also historically known as the “Persian apple”
(Lurie and Crisosto, 2005), is one of the most important fruits in the world. The oldest known
peach stones were discovered in five archaeological sites from the Zhejiang Province in eastern
China, and have been dated to 8000 BP (before present) (Huang et al., 2008; Zheng et al., 2014).
These findings are relatively new yet provide convincing evidence that China, not Persia
(modern-day Iran), is the true place of origin for the peach. China remains a natural source of
hardy rootstocks for peach seedlings and a resource for wild peach germplasm for breeders.
Wild peach trees called “Maotao” (hairy peach) and “Yitao” (wild peach) can still be found in
remote areas of the country (Zheng et al., 2014).
It is believed that the peach spread westward from China to Persia/Iran approximately
3,000 years ago. Latin scholars noted that peaches were in Italy during this time as well. Multiple
sources document that France, after China, became a second major distribution center for the
peach during the Middle Ages (Layne and Bassi, 2008). Expansion to the New World came
many years later. Peaches were carried from Europe by the Spaniards to Central America during
the 1500s, then later peaches were shipped directly from China to the U.S. in the 1850s (Bassi
and Monet, 2008; Byrne et al., 2012). An important cultivar known as ‘Chinese Cling’ was
grown at the Delaware Experimental Station, most likely imported by Charles Downing in 1850
(University of Delaware, 1893).
The ‘Chinese Cling’ became a parent to the famous ‘Elberta’ peach, named for Mrs.
Clara Elberta Rumph of Georgia. ‘Elberta’ is a freestone peach with a notable firmness that can
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tolerate packing and shipping. It was developed in 1879, and it could produce a larger fruit than
other cultivars available at the time. The ‘Elberta’-type firmness had not been previously
available in other peach cultivars, so these unique traits helped solidify ‘Elberta’s’ role in history
as a major ancestor in U.S. peach breeding programs (Bassi and Monet, 2008).
‘J.H. Hale’ was a heavily used offspring of ‘Elberta’, and both cultivars were frequently
used in crosses to obtain new peaches with suitable firmness to withstand shipping (Myers et al.,
1989; Okie et al., 2008). Both ‘Elberta’ and ‘J.H. Hale’ can be found in the pedigrees of peaches
and nectarines bred at the University of Arkansas, including ‘White Rock’, ‘White Diamond’,
‘White Cloud’, and ‘Effie’ (Clark et al., 2005; Clark and Moore, 2011; Worthington and Clark,
2018).
Botany
The peach tree is a member of the Rosaceae family. It belongs to subfamily Prunoideae,
genus Prunus (L.), and subgenus Amygdalus, section Euamygdalus (Byrne et al., 2012). Peach
tree growth habits have been classified as dwarf, compact, semi-dwarf, spur-type, weeping,
narrow-leaf, pillar (columnar), upright (or semi-columnar), spreading, and evergreen, or they can
have a mixture of habits such as dwarf x compact (Bassi et al., 1994; Faust and Timon, 1995;
Scorza et al., 2006).
Peach seedlings may begin producing fruit as early as the second or third year of growth.
Although peach trees can survive up to 30 years, they will typically continue commercial fruit
production for only 12 to 15 years (Bassi and Monet, 2008). The roots may reach up to 60 cm in
depth, and the tree trunk is generally straight and smooth.

6
Year-old shoots are reddish-green but become a darker grey-silver as they age. Nodes
will typically have three buds, with one middle vegetative bud surrounded by two lateral
reproductive buds, but this can vary greatly. Four or five flowers buds have been observed,
particularly in ornamental cultivars (Bassi and Monet, 2008).
The peach fruit is classified as a drupe that is pubescent or glabrous, having a thick,
fleshy mesocarp and a very hard - or stony - endocarp. Nectarines, which have a smooth skin and
no fuzz (Fig.3), are technically also classified as P. persica and feature subtle flavor and size
variations from the fuzzy peach (Sandefur et al., 2013). The peach fruit shape varies from
elongated to round to flat or donut-shaped, with the flat shape being dominant to all other shapes
(donut>elongated>round). (Bassi and Monet, 2008; Lesley, 1940).
The peach skin and flesh color can vary from white to yellow, and from orange to red.
Red-fleshed peaches are not as common as yellow or white-fleshed fruit. The coloring is
dependent upon the amounts of carotenoids (orange pigments), xanthophylls (yellow pigments),
and anthocyanins (blue to red pigments) produced (Layne and Bassi, 2008), and is influenced by
genetic make-up as well as environmental factors such as ultra-violet light exposure.
Economic Importance
In 2017, peach and nectarine production in the world surpassed 21 million tons (USDAFAS, 2018). In 2016, the top global producer of peaches and nectarines was China with
14,469,004 tonnes, followed by Spain with 1,529,919 tonnes, then Italy with 1,427,573, and in
fourth place was the United States with 927,178 tonnes (Table 1) (Food and Agricultural
Organization, 2018).
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In the U.S., peaches and nectarines are commercially produced in 23 states. California
produces the most peaches and nectarines by a large margin. In 2014, California produced nearly
half of all peaches for the fresh market, and more than 96% of processed peaches (Table 2).
South Carolina was second with 60,800 tons of peaches, Georgia was third with 33,000 tons, and
New Jersey was the fourth-highest producing state with 21,050 tons (NASS, 2015).
In 2014, peach prices for the fresh market averaged $1,190 per ton, which represents a
nearly 24% increase from 2013 and 2012. Processed peaches in 2014 averaged $363 per ton,
which is a 6% increase from 2013, and a 12% increase from 2012 (NASS, 2015).
Phenotypic diversity
The peach can have considerable diversity in flesh textures, and there is not universal
agreement on the categories of the different textures identified. The most striking difference in
peach flesh types is whether it has melting or non-melting flesh, which is related to enzymaticdriven pectin degradation in the melting-type flesh (Ghiani et al., 2011). Peaches can be
clingstone or freestone with respect to flesh adhesion to the stone. Freestone melting flesh (FMF)
and clingstone melting flesh (CMF) peaches are frequently used for the fresh market, while fruit
intended for canning purposes are almost exclusively clingstone non-melting flesh (CNMF)
(Callahan et al., 2004; Ogundiwin et al., 2005). Along with non-melting (NM) and melting (M)
flesh types, the categories of slow melting or slow softening (SS) and stony hard (SH) can also
be found in peer-reviewed literature (Morgutti et al., 2017). The peach flesh categories are
further complicated by the common practice of using the words “freestone” and “melting flesh”
interchangeably, as well as “clingstone” with “non-melting” (Peace et al., 2005b).
Flesh texture and pit adhesion are important characteristics in peach that contribute to
fruit quality as well as post-harvest handling. (Qualitative traits in the peach such as color, shape,
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and the presence or absence of pubescence are associated with single loci, whereas quantitative
traits, which can include traits such as fruit size, or specific disease-resistance, are associated
with multiple loci.)
The University of Arkansas peach and nectarine breeding program
The University of Arkansas fruit breeding program began with the leadership of Dr.
James Moore in 1964. Fifty-four years later, the program is still thriving and has developed more
than 50 new fruit cultivars of peaches, nectarines, blackberries (Rubus spp.), strawberries
(Fragaria x ananassa), blueberries, table grapes, and wine grapes (Barchenger, 2014). The
peach and nectarine breeding program was started in the 1960s with the intent of providing new
flesh colors, flavors and acidity-levels beyond the standard yellow melting-flesh peach
(Worthington and Clark, 2018). Throughout the years, specific peach breeding objectives have
included producing white-fleshed peaches for on-farm, local, and shipping sales (Clark and
Moore, 2011) and peaches that are resistant to bacterial spot, Xanthomonas arboricola pv. Pruni
(Smith, 1903). To date twelve peaches and nectarines have been released from the University of
Arkansas. New initiatives in the U of A peach breeding program include the incorporation of
marker-assisted breeding (MAB) with DNA tests to screen seedlings for blush, pubescence, flesh
color, flesh texture, acidity, maturity date, and bacterial spot resistance.
RosBREED and RosBREED-2
RosBREED is the name of a large, continuing Specialty Crops Research Initiative grant
directed by Dr. Amy Iezzoni at Michigan State University and co-directed by Dr. Cameron Peace
of Washington State University. The name “RosBREED” combines the words “Ros” from
Rosaceae, and “BREED” because the program’s focus is aimed at helping fruit breeding

9
programs. There are eight Rosaceae crops targeted by this effort: apple (Malus
domestica Borkh), blackberry, peach, pear (Pyrus communis L.), rose (Rosa indica L.),
strawberry sweet cherry (Prunus avium L.), and tart cherry (Prunus cerasus L.). The University
of Arkansas initially joined the RosBREED team in 2009 (Iezzoni et al., 2010) as part of the
peach team. Other peach team members include Clemson University, Texas A&M University,
and the University of California at Davis.
RosBREED was initially funded for $9 million dollars and lasted for four years. A new
RosBREED-2 grant was written and is currently being funded for $10 million dollars during a
period of five years. The vision of the RosBREED project is to integrate modern genetics tools
with traditional breeding methods by employing MAB. The goal of MAB is to make Rosaceae
cultivar development more efficient while selecting for consumer-driven traits.
The specific RosBREED objectives are stated as follows: (1) enhance the likelihood of
new cultivar adoption, enlarge market potential, and increase consumption of Rosaceae fruits
with socio-economic knowledge objectively used in breeding decisions; (2) establish a
sustainable technical infrastructure for an efficient MAB Pipeline in Rosaceae, including cropspecific SNP genome scan platforms to easily exploit the shared ancestry of Rosaceae crops; (3)
integrate breeding and genomics resources with a standardized breeding information
management system incorporating PBA; (4) implement MAB in the associated RosBREED
breeding programs with focus on fruit quality traits; and (5) enhance sustainability of cultivar
development with MAB technology transfer to current and future U.S. Rosaceae breeders and
engagement of key stakeholder groups (Iezzoni et al., 2010).
The peach genome has been sequenced, and its small genome makes the peach an ideal
model for genomics studies (Layne and Bassi, 2008). The International peach SNP consortium
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(IPSC) developed a 9K-SNP array for the peach (Verde et al., 2012), which has been utilized all
RosBREED peach team members for exploiting the peach genome. The array was constructed by
re-sequencing the genome of 56 peach breeding accessions using the Illumina and Roche/454
sequencing technologies. These 56 peaches were selected since they were founders, intermediate
ancestors, and parents used in international breeding programs.
A new, updated 16-K SNP array, offering nearly double the SNP coverage of the 9K
array, has been made available for RosBREED-2 (Laurens et al., 2018).
Genome Database for Rosaceae (GDR)
Sharing knowledge and providing educational resources for researchers, graduate
students, breeders and farmers is one of the RosBREED goals. The Genome Database for
Rosaceae (GDR) is a prime example of these efforts. The GDR has been a free and open
resource for data mining in Rosaceae for the past 15 years (Jung et al., 2018). Using the GDR, it
is possible to search for identified QTL and Mendelian trait loci (MTL), whole genome
assemblies, and DNA markers for important agricultural traits. Breeding data, including
phenotypic data, genotypic data, and germplasm and pedigree data from the RosBREED teams
are also available in GDR (Jung et al., 2013).
QTLs have also been identified in peach for various disorders that are associated with
chilled storage conditions, or “chilling injury” (CI) symptoms (Cantín et al., 2010). At the
Genome Database for Rosaceae (GDR: https://www.rosaceae.org/), there is a user-friendly
searchable database for the genus, where there are 1,235 QTLs currently reported.
The current DNA tests for peach available on the RosBREED website
(https://www.rosbreed.org/breeding/dna-tests?field_crop_filter_tid=61) are: bacterial spot, fruit
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acidity, peach blush, flesh color, peach versus nectarine, fruit maturity timing, and peach texture
(Table 3).
Genome-wide association analysis (GWAS)
Qualitative traits in fruits, such as color, shape, the presence or absence of fuzz, are
associated with one or few genes, whereas quantitative traits, such as fruit size or specific
disease-resistance, are associated with having many genes involved. It has been estimated that a
minimum of five to 10 genes are required to produce significant differences in quantitative traits
between populations, although this number can be as high as twenty (Lande and Thompson,
1990). The type of mapping analysis performed to identify the many genes responsible for a
quantitative trait is called quantitative trait loci (QTL) mapping (Broman, 2001).
Traditionally, linkage mapping or association mapping (linkage disequilibrium mapping)
have been the general strategies used to identify the sections of DNA, or QTLs, that have a large
effect on a particular quantitative trait. There are several different statistical approaches to
finding QTLs, and they range considerably in complexity and computational time needed to
execute the analysis. The regions of DNA that are responsible for having large effects on a
particular phenotypic trait are defined as “major QTLs” (Bernardo, 2014). The estimated
contribution of a particular gene or QTL to the phenotypic expression of a certain trait can be
measured by the r-squared (r2) value. The r2 value represents the percentage or proportion of the
trait variance that can be explained by a gene or QTL (Bernardo, 2014). Minor effect QTLs may
also be detected, but are not considered useful or exploitable in plant breeding programs.
The effect of a particular region of DNA on an expressed phenotypic is typically
measured using multiple linear regression (MLR), which relies on the markers that have
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previously been identified as being associated with a particular trait (Johnson, 2004). Breeding
values can be estimated using Best Linear Unbiased Prediction (BLUP) (Henderson, 1975). Plant
studies comparing BLUP with MLR analysis have indicated that BLUP is a more accurate
predictor of phenotypic traits (Lorenzana and Bernardo, 2009).
As the cost of genotyping has fallen rapidly, more genome-wide information has become
available for plants (Aranzana et al., 2005). Newer strategies that utilize genome-wide selection
of markers, not just ones that have been previously associated with the trait of interest, have also
been developed. Using a large number of genetic markers that vastly outnumber the actual
observations made [a “large p (genetic markers), small n (number of individuals)” problem] can
result in an overestimated r2 value. This can decrease the statistic model’s predictive ability for
individuals not included in the initial study. The most common analysis for addressing this issue
with genome-wide studies is called Ridge Regression Best Linear Unbiased Prediction (RRBLUP). The RR-BLUP model effectively shrinks regression coefficients toward zero. This can
also be described as penalized regression (Korontzis, 2015).
Association mapping offers some advantages over linkage mapping. Association
mapping can be used with candidate genes or it can be used on the entire genome. When
compared to linkage mapping using a population of the same size, association mapping utilizes
more genetic diversity and has increased mapping precision (Mackay, 2014).
Some software programs, such as TASSEL (Trait Analysis by aSSociation, Evolution
and Linkage), provide multiple models for more complex association analyses. TASSEL utilizes
single marker regression (SMR) as well as general linear model (GLM) and mixed linear model
(MLM) techniques to find marker-trait relationships (Bradbury et al., 2007).
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MUSCADINE
History
Muscadines, Vitis rotundifolia Michx., are native to the southeastern United States and
are found naturally from Delaware to central Florida, and from the Atlantic coast to eastern
Texas (Lane, 1997). Muscadine grapes are considered a local specialty and are commonly
cultivated in small vineyards and gardens. The first reported use of muscadines was officially
documented in 1565 when Captain John Hawkins observed French colonists in Florida making
wine with local grape (Winsor, 2016). The muscadine was the first cultivated grape in colonial
America (Stanley, 1997) and is still widely used in the southeastern U.S. to make wines, juices
and jellies. Muscadines are also consumed as fresh fruit and are sold in both local and shipping
markets, but have limited shelf life (Winkler, 1974).
Muscadines have been under cultivation for over 400 years. The first breeding efforts
began in the North Carolina Colony (Conner, 2009). Dr. Calvin Jones released the first cultivar,
Scuppernong, in 1810, which was the most commonly used cultivar for more than 100 years
(Olien, 1990). ‘Scuppernong’ has a bronze fruit and the name is derived from a Native American
(Algonquin) word for “place of the sweet bay tree.”
Aside from its unique flavor and high nutraceutical content, the muscadine’s natural
insect and disease resistance makes it impressively robust when compared with many bunch
grapes (Vitis spp.) (Conner, 2009; Striegler et al., 2005). Differentiation within Vitis between the
subgenera Euvitis and Muscadina is thought to have occurred during the Mesozoic Era, prior to
and during the breakup of Pangea (Olien, 1990) It has been hypothesized that V. vinifera L. and
other grape species descended from muscadines during the Quaternary Ice Age, resulting in the
loss chromosome pair (2x = 2n = 40 for V. rotundifolia and 2x = 2n = 38 for V. vinifera)
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(Conner, 2009; Olien, 1990). Currently, all commercial muscadine production occurs in the U.S.,
although muscadine cultivars Noble, Alachua, Carlos, Fry, and Granny Val have recently been
successfully introduced and cultivated in southern China (Wei et al., 2017).
Botany
The genus Vitis is commonly divided into two subgenera, Euvitis Planch. (bunch grapes)
and Muscadinia Planch, though some authors even consider Muscadinia a separate genus (Small,
1913) While Euvitis grapes, such as the European wine and table grapes (V. vinifera) and the
American ‘Concord’ grape (largely V. labrusca L.), have 38 chromosomes, Muscadinia grapes
have 40 chromosomes. Unlike V. vinifera, the range of V. rotundifolia is limited to the
southeastern U.S. because of its intolerance to cold leading to winter injury. Muscadines thrive in
the warm, humid climates characteristic of the southeastern United States. They are adapted to
well-drained, moderately fertile soil with a pH of 5.5 to 6.5 (Himelrick and Basiouny, 2001;
Striegler et al., 2005) where temperatures remain above -12° C.
Muscadine vines typically produce few berries in many loose clusters that do not ripen
evenly, have unbranched tendrils, and the berries contain large seeds and a thick, slip-skin
texture (Olien, 1990). Muscadine grapes are highly resistant to a broad range of diseases and
pests, including the bacterial Pierce’s disease (Xylella fastidiosa Wells et al. ) and the insect pest
phylloxera (Daktulosphaira vitifoliae [Finch]). Disease resistance genes from muscadine grapes
are not easily transferred to V. vinifera, due to significant physiological and genetic differences
between the two species (Detjen, 1917; Janick and Moore, 1975; Olmo, 1986), although it is
possible to make interspecific crosses between the two subgenera.
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Muscadine fruit can range in color from pale green and bronze, to pink, red, purple, and
black (Fig. 4). They have a thick, tough skin which protects them from heat, UV radiation,
humidity, insects and fungi. They grow in small loose clusters of 3 to 10 berries and “shatter”
when ripe.
Economic interest and breeding goals
During the early 1800s, ‘Scuppernong’ was used to produce the first commercial wine
available in the U.S. The wine was named “Virginia Dare,” and was the most popular wine
during the era prior to Prohibition. Today, wines made from muscadines are considered a
“specialty” product, and the berries are primarily sold locally due to their tendency to deteriorate
rapidly (Winkler, 1974). Muscadines have notably thick, tough skins and yield low juice
amounts. Because of these traits, 40% to 45% of the berry is lost in production as pomace (skins,
pulp, and seeds) (Ector et al., 1996). Muscadines are also known to have poor color stability and
frequently produce insoluble sediments during storage (Fig. 5). This is considered a quality
defect and is thought to discourage consumers (Lee and Talcott, 2002).
The top commercial muscadine producing states are North Carolina (1052 ha), Georgia
(688 ha), and Florida (485 ha). There are 2023 ha of muscadines planted in the United States,
with approximately 202 ha being in Arkansas (PerkinsVeazie et al., 2012).
The natural disease-resistance capabilities of muscadines are highly desired but are not
easily transferred to the European wine grape, Vitis vinifera, due to significant physiological and
genetic differences between the two species.
They also have multiple health benefits, including antioxidant, antiviral agents,
anticancer, antibacterial, and anti-inflammatory properties (Ector et al., 1996). The recent
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recognition that the berries are important sources of essential vitamins, minerals, and
antioxidants has increased consumer demand (Striegler et al., 2005).
The University of Arkansas muscadine breeding program
The muscadine breeding program began at the University of Arkansas in 2005, and the
first muscadine crosses were made in 2006 (Barchenger et al., 2014). Major breeding objectives
of the Arkansas muscadine breeding program are to develop fruit with improved skin texture,
large fruit size, crisp texture, excellent flavor, dry stem scar, perfect flowers, high productivity,
improved winter hardiness, disease resistance, and improved postharvest storability (J. R. Clark
personal communication). Selections of muscadine seedlings have been made based on improved
texture and dry stem scar, although no cultivars have been released to date.
QTL mapping
While there is genuine interest in introgressing the muscadine’s genes for insect and
disease resistance into V. vinifera, genetic barriers remain an issue. The exact amount of gene
conservation between V. vinifera and the muscadine cannot be fully assessed until the muscadine
genome is sequenced, although it appears there is a “high level of synteny” between the two
species (Owens, C., unpublished data, 2015).
The goal of QTL mapping is to identify statistically significant genetic markers
associated with specific phenotypic traits and to place the QTLs on a map. Linkage mapping of
either major genes or major QTL requires a population with known parents (Bernardo, 2014).
The linkage maps are constructed using a population of recombinants that have resulted from
cross-over events. Linkage mapping cannot define the actual physical distances between genes
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on a chromosome (Goldman et al., 2013). JoinMap® is a software program that is commonly
used for calculating genetic linkage maps in diploid species (Van Ooijen, 2011).
COLORIMETRY
Scientific challenges in human color perception
The human eye is trichromatic, meaning it has three different photoceptor cells for
perceiving color. Each photoreceptor cell, or color cone, has one of the following photopigments:
the short wave (sensitive to red) cone, the middlewave (sensitive to green) cone, or the longwave
(sensitive to blue) cone. Although some overlap of spectra absorbance occurs among the cones,
each photopigment has a unique maximum wavelength absorbance (λmax). The red cone has a
λmax of 420, the green cone has a λmax of 530, and the blue cone has a λmax of 558 nanometers
(Sharpe et al., 1999).
Since all colors perceived by humans are the result of the stimulus of three color cones, a
linear transformation occurs from three separate physiological systems. If one of these
physiological systems is compromised, the person’s color vision is reduced to two dimensions,
or dichromacy. In the event of two dysfunctional color cones, the individual is further reduced to
only one dimension of color vision, or monochromacy (Sharpe et al., 1999). Loss of color cone
function could be the result of a multitude of factors, including genetic inheritance, brain fever,
cerebral infarction (Pearlman et al., 1979), disorders of the precepteral ocular media, cone
degeneration, macular degeneration, vascular and hematologic diseases, glaucoma, diseases of
the central nervous system, diabetes mellitus, and exposure to toxic chemicals such as lead,
tobacco, or alcohol (Sharpe et al., 1999).
Inherited colorblindness is much less common in female than male humans because the
defective genes are recessive and found on the X-chromosome. There are also significant
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differences found among racial groups, with males of European descent having the highest
incidence of red-green color deficiencies (7.40%). The group of women with the highest redgreen color deficiencies are American Indians (0.63%), as opposed to the group of women with
the lowest incidence, Australian aborigines, at 0.03% (Sharpe et al., 1999). Indeed, the
prevalence of colorblindness, particularly in men of European descent, could be a significant
issue with respect to accurate and scientific color assessment.
Color space history
An international group of scientists met in 1931 during the International Commission on
Illumination (Commission Internationale d'Eclairage: CIE) to address the need for a universal
and objective method of studying color. The scientists proposed the concept of using a
standardized light source and a hypothetical standardized human observer in order to provide an
objective way to conduct scientific color investigations. The conference resolutions were
published and became known as the 1931 CIE System of Colorimetry and the CIE 1931
Standard Observer (or reference observer) (Schanda, 2007). The CIE System of Colorimetry can
be described as a three-dimensional, normalized visibility curve (Schanda, 2007). The model is
created from plotting CIE tristimulus values (X,Y, Z) in rectangular coordinates (ISO/CIE
11664-4:2008, n.d.). The model is not visually uniform and the equal distances in these spaces
do not represent equally perceptible differences between colors by the human eye. For this
reason, an updated model, CIEL*a*b* (CIELAB), was introduced in 1976. CIELAB is a color
space model with coordinates created from non-linear functions of X, Y, and Z. The CIELAB
model is more uniform in appearance and the three axes are represented by L, a, and b. The L
axis represents the “Lightness” value, where 100 represents pure white and 0 represents solid
black. The “a” axis ranges from red to green, where positive values are more red and negative
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values are more green. The third axis is the “b” axis, and it ranges from blue to yellow. A
positive b value indicates the item is more blue, and a negative b value indicates it is more
yellow (Fig. 6). The Standard Observer (hypothetical human observer) was published as
standardized tables using the three categories of R (red), G (green), and B (blue) numerical
values which are matched to specific wavelengths. In other words, each wavelength value (λ),
measured in nanometers, has three corresponding R, G, and B values that a typical “standard”
person would perceive. The R, G, and B values are also known as trichromatic coefficients, or
coordinates in the color triangle (Schanda, 2007). The usefulness of the CIE color space and the
standard observer concept is the relative ease of ability to perform calculations between colors.
There have been many recommendations and updates published since the original CIE
model was released in 1931, including the 1976 changes used in this study. There are also many
other color space models available. Regardless, CIE L*a*b* remains a widely recognized
standard that has withstood many years of testing and scrutiny (Fairchild 1998; Stevenson et al.,
1991).
Color assignment in horticulture
Color is a critical component of horticulture, whether it is on fruits in a grocery store or
part of the description of a newly discovered flowering tree. New cultivars of horticultural crops
require accurate color descriptions for patent applications and taxonomic identification. The
Royal Horticultural Society (RHS) Colour Chart is a “paint chip” based system that has been
widely used as a standard color reference guide for decades (Tucker et al., 1991). These “paint
chips” come in four separate color fans, and each “chip” has a hole in the center so it can be
placed over the fruit or plant part for color identification (Fig. 10). The chart has more than 800
color chips, with 20 new colors added in 2015. Advantages of the RHS Colour Chart include its
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relatively low cost (~$300) and ease of use in the laboratory. Disadvantages of the RHS Colour
Chart include its bulkiness in a field pack (adding ~ 1 kg to carry), as well as potential humanerror issues with manually choosing the most precise color chip (Voss, 1992). Furthermore, not
all people see color the same way. Judd and Wyszecki (1975) revealed that approximately 8.0%
of men and 0.4% of women have “some degree of deviation from normal color vision” (Voss,
1992.) For these reasons, a manual color chart system is probably not the best method for
identifying precise color in plants.
Previous research has been done to “link” the RHS Colour Chart with measurements
from a photoelectric tristimulus colorimeter in order to eliminate or reduce human error.
Colorimeters such as the Minolta CR-200 (Fig. 11) measure colors numerically based on the
L*a*b* color space developed by the Commission Internationale de l’Eclairage (CIE) in 1976.
The L* stands for “lightness” while the a* and b* represent color directions on a standardized
chromaticity diagram. The a* represents the red or green direction, and the b* represents the
yellow or blue direction. The Minolta colorimeters also have a d (diffuse)/0º viewing geometry
(Voss, 1992). Advantages of using the Minolta CR-200 include reliable and accurate color
assignments while avoiding human error or genetic limitations. Disadvantages of using the
colorimeter are that the instrument must be calibrated correctly, as Voss (1992) reports, “By
calibrating the 19 optional channels with 18 spectrophotometrically measured high-chroma
colors distributed around the hue circle and a middle value, essentially hue-neutral gray, color
evaluation is more accurate than that obtained when the instrument is calibrated only with the
white plate.” Other disadvantages include the price of the colorimeter (the current CR-400 model
costs more than $5000) and the weight of the instrument - approximately 3 kg plus the weight of
a padded case - which is extremely cumbersome for field studies.
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Advantages of the Nix Pro Color Sensor™
The most obvious advantage of the Nix Pro is its portable size. The Nix Pro sensor fits
easily in the palm and is ideal for taking measurements in the field, especially when compared to
the much larger and heavier Konica Minolta CR-400 (Fig. 7).
Another significant advantage point of the Nix Pro is the cost. The sensor is $350, and the
software can be downloaded for free in the form of an “app” on a smart phone or tablet. The
price of a new Konica Minolta CR-400 can range in price from $7,000 to $11,000, depending on
the software packages chosen and warranty options available (based on actual quotes sent from
Konica Minolta to the author).
A third advantage of the Nix Pro is its built-in color-matching feature. The end user can
scan and store colors in the app’s library, and the app has the ability to match a new scan with
the closest matching color in the library. This is ideal for horticulturists for use with the RHS
Colour Chart, the current standard method of color assignment, because it completely eliminates
the potential for human color perception errors.
The Nix Pro’s hand-held scanner is shaped like a diamond (Fig. 7). The scanner can be
pressed against any color surface to obtain a color reading. The scanner blocks out ambient light
and provides a calibrated light source of its own to ensure an accurate reading. The color data is
reported using five different color space options, including CIE L*a*b*, the color model of
choice for scientists. Potential disadvantages will be evaluated by comparing data generated by
the Nix Pro with data from the Minolta CR-400. The Minolta CR-400 measures color using
diffuse illumination with a pulsed-xenon light source (Silva, 2016), while the Nix Pro illuminates
the surface using a 45° angle and detects color at 0° (Fig. 8).
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Appendix

Fig. 1 ‘Elberta’ peaches were first planted in Clarksville, Arkansas, in during the Reconstruction
period in 1893 to help diversify farming after the Civil War. Clarksville is home to the annual
Johnson County Peach Festival, which is the oldest festival in the state. Photo used with
permission.

Fig. 2 Examples of peach tree growth habits. Standard form (ST), semi-dwarf (SD), spur-type
(ST), upright (UP), columnar (PI), weeping (WE). (Bassi et al., 1994).
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Fig. 3 A nectarine (left), and a peach (right) are both classified as Prunus persica.
Photo by the author.

Fig. 4 Muscadine berries can range from pale green or bronze, to pink, red, purple, and black.
Image courtesy of the North Carolina Cooperative Extension.
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Fig. 5 Sediment from the bottom of a bottle of muscadine wine. Photo by the author.

Fig. 6 The CIE (1976) color space (Sant’Anna et al., 2013).
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Fig. 7 The Konica Minolta CR-400 (left) and the Nix Pro Color Sensor (right).
Photo by the author.

Fig. 8 The Nix Pro uses (b) 45/0 geometry, while the Konica Minolta CR-400 relies on (c)
0/diffuse geometry (Milic et al., 2011).
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Table 1 The top world-wide peach and nectarine producers for 2016.
(Food and Agricultural Organization, 2018)
Position
1
2
3

Country
China
Italy
Spain
United
4 States

Value
14,469,004
1,427,573
1,529,919

Unit
tonnes
tonnes
tonnes

Product
peaches/nectarines
peaches/nectarines
peaches/nectarines

927,178 tonnes

peaches/nectarines

Table 2 The top four peach and nectarine producing states in the U.S. in 2014. (NASS, 2015)
Position
1
2
3
4

State
Value
California
620,000
South Carolina
60,800
Georgia
33,000
New Jersey
21,050
U.S. TOTAL 837,027

Unit
tons
tons
tons
tons
tons

Product
peaches/nectarines
peaches/nectarines
peaches/nectarines
peaches/nectarines
peaches/nectarines

U.S. dollar value
$356.1 million
$63.3 million
$36.1 million
$27.9 million
$629.1 million

Table 3 Prices for current DNA tests available for peach on the RosBREED website.
Number of samples per
crop
10 to 96
97 to 384
385 +

Price per
sample
$5 + $1 per test
$4 + $1 per test
$3 + $1 per test

33
CHAPTER 2: PEACH
Genome-wide association analysis (GWAS) for expressible juice, soluble solids, mealiness,
and fruit weight in peach [Prunus persica (L.) Batsch]
Abstract
The overall fruit quality and level of consumer satisfaction for peaches [Prunus persica (L.)
Batsch] can be greatly compromised by chilling injury (CI) symptoms induced by chilled storage
conditions. CI symptoms can include a lack of juiciness, flesh mealiness, flesh browning, and flesh
bleeding. Early detection of these undesirable traits using marker-assisted selection (MAS) to
identify genotypes tolerance to CI symptoms would be useful to breeders. Quantitative trait loci
(QTL) analysis is a crucial step in developing DNA-based tests for quantitative traits in crops, and
precise measurement of phenotypic traits is critical for performing meaningful QTL analysis.
Seven peach populations ranging from 6 to 38 progeny and their remaining parents were
phenotyped at the University of Arkansas Fruit Breeding Station in 2016. Traits studied included
expressible juice, visual mealiness, fruit weight, and soluble solids, and the data were used in a
genome-wide association study (GWAS). Four QTLs were identified in association with
expressible juice on chromosome (chr) 1, 4, 6 and 8, respectively; five QTLs associated with
soluble solids were found on chr 1, 2, 3, 5, and 6, respectively; four QTLs associated with
mealiness were found on chr 3 and 6 (2 QTLs on each chromosome); and three QTLs associated
with fruit weight were found on chr 2, 4, and 6, respectively. Based on LOD (-log(P-value)) greater
than 2.0 across three models of SMR (single marker regression), GLM (general linear model), and
MLM (mixed linear model) in TASSEL 5, a total of 14 SNP markers were associated with the four
QTLs for expressible juice; 9 SNP markers with the five QTLs for soluble solids; 22 SNP markers
with four QTLs for mealiness; and 18 SNP markers with the three QTLs for fruit weight. These
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QTLs and associated SNP markers can be used in peach breeding to select the four undesirable
traits through marker-assisted selection (MAS).
Keywords
Peach, Prunus persica, expressible juice, soluble solids, mealiness, fruit weight, MAS, GWAS,
Molecular marker, QTL, SNP
Introduction
The peach [Prunus persica (L.) Batsch] is one of the most economically important fruit
trees in the world. Global production of peaches and nectarines surpassed 21 million tons
combined from northern and southern hemispheres in 2017 (USDA-FAS 2018). Peaches are
indigenous to China, where ancient peach pits were discovered and dated between 6,000 and 7,000
B.C. (Chen 1994). The peach has been cultivated for at least 4,000 years, and is currently produced
all over the world (Huang et al. 2008).
The peach fruit is classified as a drupe with a fleshy mesocarp and a very hard or woodlike endocarp called the “stone.” Nectarines, which are non-fuzzy genetic mutants of the peach,
are also classified as P. persica of the plant family Rosaceae. Close relatives include apricots,
plums, cherries, and nectarines.
The peach can have considerable diversity in flesh textures, and published studies do not
all concur on the exact categories of the different textures identified. Most commonly, peaches
have melting or non-melting flesh, and they can be clingstone or freestone with respect to flesh
adhesion to the stone. Freestone melting flesh (FMF) and clingstone melting flesh (CMF) peaches
are frequently used for the fresh market, while fruit intended for canning purposes are almost
exclusively clingstone non-melting flesh (CNMF) (Callahan et al. 2004; Ogundiwin et al. 2005).
Along with non-melting (NM) and melting (M) flesh types, the categories of slow melting
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(SM) or slow softening (SS) and stony hard (SH) can also be found in peer-reviewed literature
(Morgutti et al. 2017). The peach flesh categories are further complicated by the common practice
of using the words “freestone” and “melting flesh” interchangeably, as well as “clingstone” with
“non-melting” (Peach et al. 2005b).
As the peach ripens, the cellular walls are degraded by specific enzymes (Luza et al. 1992).
Endopolygalacturonase, or endoPG, is one commonly reported enzyme (Artes, Cano, and
Fernández-Trujillo 1996), and a rapid increase of endoPG has been detected in climacteric fruits
(like peach) where there is a significant softening of the flesh as it ripens (Ghiani et al. 2011).
During ripening, pectins, which are groups of complex polysaccharides found in the cell walls
(Fischer and Bennett 1991), are transformed into water-soluble compounds by endoPG. As the cell
wall breaks down, the middle lamella swells and disappears, and the microfibrillar network
becomes disorganized during the later stages of ripening (Hadfield and Bennett 1998). The
common commercial practice of storing peaches and nectarines under chilled conditions for
extended periods of time can induce symptoms of chilling injury (CI) in certain cultivars (Crisosto,
Mitchell, and Ju 1999). EndoPG is reportedly closely associated with chilling injury and mealiness
in peach (Artes, Cano, and Fernández-Trujillo 1996). Specifically, melting flesh (M) texture
development is dependent on endoPG function (Ghiani et al. 2011), and melting flesh peaches are
significantly more likely to become mealy than non-melting flesh (Brovelli et al. 1998). Nonmelting flesh peaches appear to be resistant to mealiness even when treated with chilling
conditions (Infante et al. 2009; Peach and Norelli 2009).
Mealiness - also known as woolliness in peach - can be described as fruit having a lack of
juice and a mealy texture (Lill, O’Donoghue, and King 1989). Other undesirable CI symptoms
include flesh browning and flesh bleeding, which are related to the altered cell metabolism induced
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by cold storage (Ben-Arie and Lavee 1971; Ben-Arie and Sonego 1980). Exposing fruit to
temperatures below 8°C for a minimum of two weeks has been shown to induce mealiness in
peaches by breaking down pectins and resulting in the formation of gels (Ben-Arie and Lavee
1971), which is associated with flesh mealiness.
Flesh mealiness has been further characterized using a scanning electron microscope
(SEM). In images taken with the SEM, there was no juice visible on the cell walls of mealy fruit.
In desirable juicy fruit, the juice is observed on the surface of the cell walls and is expressed easily
from the fruit (Zhou et al. 2000).
Quantitative methods for assessing levels of juice in the peach have been developed
(Crisosto and Labavitch 2002), but an objective and quantitative protocol to assess mealy flesh
remains elusive. Still, studies identifying candidate genes for mealiness have been published based
on the absence of juice in peach flesh with no consideration given to peach flesh texture (NuñezLillo et al. 2015). Flesh mealiness following cold storage has routinely been assessed visually after
squeezing a large piece of cut fruit, but a lack of significant correlations between expressible juice
and flesh mealiness visual scores in peaches and nectarines have been reported (Crisosto and
Labavitch 2002). To be clear, a lack of expressible juice from a peach does not always indicate
that the flesh is also mealy, which explains the conundrum of published genetic information
associated with mealiness in the peach.
There are at least two copies of the endoPG gene in peach (Callahan et al. 2004), and
researchers have hypothesized that one copy of the gene controls melting flesh (M) and another
copy controls the freestone (F) trait (Peach et al. 2005b). The freestone melting flesh (FMF) has
both has both M and F endoPG genes; clingstone melting flesh (CMF) has M but not F endoPG
gene; clingstone non-melting flesh (CNMF) doesn’t has both genes; and freestone non-melting
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flesh (FNMF) has F but not M endoPG gene. Both of these genes are associated with the F-M
locus and they are located less than 50 kbp apart (Peach and Norelli 2009). The genes are reported
to be located near the end of peach chromosome LG 4 (Ogundiwin et al. 2007). Deletions in one,
both, or neither of the genes could explain the major flesh phenotypes observed. In summary, the
F-M locus controls the flesh texture and flesh adhesion to the stone.
It has been proposed that there are four alleles controlling flesh types and flesh adherence
to the stone: F, f, f1 and fn, where fn represents the null allele (Ogundiwin et al. 2005). F is
dominant over all the other alleles, the f1 allele is recessive to the f allele, and the null allele is
recessive to all of the other alleles (Peach and Norelli 2009).
Multiple studies have discussed the lack of observation of a peach having the freestone
non-melting (FNMF) phenotype (Bailey and French 1949; Heyden et al. 1997; Peach et al. 2005a),
where authors Bailey and French hypothesized that expression of the freestone F allele is masked
in FNMF fruit so they have the CNMF phenotypes. Curiously, it has been stated in literature that
the FNMF phenotype “does not appear to exist” (Peach et al. 2005b). Understanding these different
flesh phenotypes seems critical in a mealiness study as the CNMF phenotype does not become
mealy, while the FMF and CMF phenotypes have the potential to become mealy (C. P. Peace et
al. 2005; Ogundiwin et al. 2007)
The University of Arkansas peach breeding program has focused on developing fruit with
different flesh textures, including types ranging from non-melting to crispy. One of the challenges
of peach breeding is the multiple-year waiting period for the trees to mature enough to bear fruit.
This is a costly time period, since the trees must be cared for until the fruit can be produced and
then assessed for desirable characteristics. Technologies such as DNA-based marker-assisted
selection (MAS) hold great promise to peach breeders. A major advantage of MAS is that seedlings
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can be screened for desirable traits years before any fruit is produced, which would hypothetically
reduce breeders’ costs significantly.
Qualitative traits in fruits, such as color, shape, the presence or absence of fuzz, are
associated with one or few genes, whereas quantitative traits, such as fruit size or specific diseaseresistance, are associated with having many genes involved. The type of mapping analysis
performed to identify the genes responsible for a quantitative trait is called quantitative trait loci
or QTL mapping (Broman 2001). Traditionally, linkage mapping and association mapping have
been the general strategies used to identify the sections of DNA, or QTL, which have a large effect
on a particular quantitative trait. There are several different statistical approaches to finding QTL,
and they range considerably in complexity and computational time needed to execute the analysis.
For the peach, there have been numerous QTL and marker-trait association studies
published. The Genome Database for Rosaceae (GDR) is an online, free-access database that has
served as a repository of genetic information for peach and other plant members of Rosaceae since
2003 (Jung et al. 2013; 2018). Currently, there are 1,046 searchable QTL for peach listed on the
GDR website, and their associated traits include but are not limited to chilling injury resistance,
chilling requirement, fruit firmness, fruit color, flesh adhesion, fruit diameter, fruit weight, fruit
firmness, fructose content, glucose content, sucrose content, sorbitol content, phenolic compound
content, flavonoid content, anthocyanin content, pH, ripening time, bloom date, flower color, leaf
shape, resistance to powdery mildew, fruit skin color, total water soluble content, heat requirement,
fruit texture, titratable acidity, citric acid content, malic acid content, quinic acid content, total
acidity, resistance to Dysaphis cf. devecta, resistance to plum pox virus, resistance to Myzus
persicae, resistance to Xanthomonas arboricola pv Pruni, red skin pigmentation, endodormancy
release date, seed set number, and yield trait.
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The major objectives of this study were to collect phenotypic data for four critical
components of fruit quality (Dirlewanger et al. 1999) expressible juice, mealiness, soluble solids,
and fruit weigh from seven peach populations maintained at the University of Arkansas, and to
identify QTLs associated with each of these traits. The broader goal of this research is to design
DNA-based markers to assist peach breeders using MAS.
Materials and methods
Plant material and experimental design
Seven populations consisting of a total of 149 trees maintained at the University of
Arkansas Fruit Research Station in Clarksville, AR (Fig. 1 as an example for the tree grown in the
farm) were used in this study (Table 1). The seven populations were 1001 (A-665 x A-800), 1004
(A-753 x A-763), 1011 (A-786 x A-773), 1013 (A-772 x A-774), 1022 (A-765 x A-779), 1026 (A816 x A-772), and 320 (White County x A-672) with 6, 27, 20, 8, 30, 26, and 38 trees, respectively.
The parents of the seven populations are A-665, A-672, A-753, A-763, A-765, A-772, A-773, A774, A-779, A-786, A-800, A-816, and White County, where A-772 as parent in two populations
(Table 1). Among the 13 peach parent trees, 8 trees had died and only five parents, A-672, A-772,
A-786, A-816, and White County were still living and available for both phenotypic and genotypic
data in this study (Table 1).
Phenotyping
A total of 149 individuals (trees) of the seven peach populations plus their five parents
were phenotyped in four fruit quality traits, expressible juice, visual mealiness scores, soluble
solids, and fruit weight in 2016 at University of Arkansas Fruit Research Station at Clarksville,
AR. Phenotyping were conducted based on the standardized phenotyping protocol developed from
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University of California, Davis. The four phenotypic traits were assessed using both qualitative
and quantitative means on a minimum of three peaches from each tree.
Each peach used in this study was weighed shortly after being removed from the tree.
Expressible juice was measured from each peach using the following steps: 1. An elongated section
of flesh was removed from the peach by using a core borer tool (Fig. 2B). 2. The section of flesh
removed by the core borer was weighed using a digital scale (Fig. 2E) and then crushed, or
homogenized, by expressing the section of flesh though a syringe (Figs. 2F. 2G, and 2H.) 3. The
crushed flesh, or homogenate, was then weighed using a digital scale. 4. The homogenate was
centrifuged in a microfuge tube at 13,000 rpms for 10 minutes. 5. A pipettor was used to remove
the juice from the top of the pelleted peach flesh. 6. The juice was weighed using a digital scale.
7. “Expressible juice” was calculated in a percentage by dividing the weight of the juice by the
weight of the homogenate, then multiplying the value by 100. Juice was expressed from the
remaining parts of each fruit and assessed for soluble solids by placing several drops of juice on a
digital brix refractometer (model PAL-1, Atago, Japan).
Flesh mealiness (FM) was assessed by cutting a peach in half and visually assessing the
appearance of the flesh by using a scale from 1 to 3. A score of 1 represents a fruit that releases
free-running juice when squeezed, 2 represents a fruit with very little juice released after
squeezing, and 3 represents a dry fruit with a mealy texture and almost no juice released upon
squeezing (Figs. 2I and 2J).
Phenotypic data analysis
All phenotypic data of expressible juice, fruit weight, soluble solids, and mealiness scores
were recorded. The mean, range, standard deviation (Std), standard error (Std Err) and coefficient
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of variation (CV) were estimated for the four traits using Microsoft Excel; the distributions of the
four traits were drawn using ‘Distribution’ in JMP Genomics 7.
Genotyping
A 100 mg sample of young leaf tissue was collected from each tree in the seven populations
including the remaining parents, and was then sent to Clemson University for genotyping. Samples
were genotyped on the International RosBREED SNP Consortium (IRSC) 16K Illumina
Infinium® array (Verde et al. 2012). SNP analysis was performed using Illumina's Infinium Assay
technology using SNPs curated and reported at the Genome Database for Rosaceae (GDR)
https://www.rosaceae.org/. A total of 16,038 SNPs were provided in the seven populations
processed at Clemson University. SNPs were filtered using a minor allele frequency (MAF) greater
than 2.0. The remaining 6,110 SNPs were used for genetic diversity and association analysis in
this study.
Genetic diversity and population pedigree analysis
Genetic diversity and pedigree relationships among the seven populations was assessed in
the seven peach populations with a total of 149 tress. The genetic diversity was analyzed and
phylogeny trees were drawn using Molecular Evolutionary Genetics Analysis (MEGA) 7 (Kumar
et al., 2016). The Maximum Likelihood tree method was used with the following parameters (Shi
et al. 2016; 2013): Test of phylogeny: bootstrap method with No. of Bootstrap replications 500,
Model/Method: General Time Reversible model, Rates among Sites: Gamma distributed with
Invariant sites (G + I), Number of Discrete Gamma Categories: 7, Gaps/Missing Data Treatment:
Use all sites, ML Heuristic Method: Subtree-Pruning-Regrafting-Extensive (SPR level 5), Initial
Tree for ML: Make initial tree automatically (Neighbor Joining), and Branch Swap Filter:
Moderate. During the drawing of the phylogeny trees, sub-tree of each Q (cluster), the shape of
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‘Node/Subtree Marker’ and the ‘Branch Line’ were drawn with seven colors corresponding the
seven populations.
Association analysis
A genome-wide association study (GWAS) was conducted with the single marker
regression (SMR) without structure and without kinship, the regression linear model (GLM), and
the mixed linear model (MLM) methods as described in TASSEL 5 (Bradbury et al. 2007;
http://www.maizegenetics.net/tassel). In this study, the GLM (Q) and MLM (Q+K) were used for
association analysis of SNP markers in TASSEL 5. Q-matrix (PCA) was obtained from TASSEL
with PCA method, and Kinship (K) was estimated by the tool Kinship with Scald_IBS method
built in TASSEL 5.
Results
Phenotying
The phenotypic data of the four traits, expressible juice, soluble solids, visual mealiness
scores, and fruit weight were near normally distributed except for the visual mealiness data which
was positively skewed (Fig. 3), indicating the three traits, expressible juice, soluble solids, and
fruit weight were quantitative trait controlled by several to many loci. However, the mealiness was
scored with three categories as quality trait in this study. The expressive juice had a large range of
64.2 from 3.9% to 68.1%, averaged 41.1% with a large CV value of 38.9%. The soluble solids had
a range of 16.1 from 6.5% to 22.6%, averaged 13.1% with a large CV value of 19.5% (Table 1).
The fruit weight had a very large range of 246.8 from 47.1% to 294.0%, averaged 121.3% with a
large CV value of 40.2% . Although mealiness was assessed as qualitatively using a scale from 1
to 3, the variance was also observed among the 149 trees of the seven populations with averaged
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1.4 and a large CV value of 43.9%. The large range and large CV suggested the four traits had
large variance and the panel of the seven populations can be used to identify SNP markers
associated with the four traits.
Population phylogenetic analysis
Phylogenetic analysis was conducted with SNP data from all seven populations and
remaining parents using MEGA7 software. Each population was grouped together (Fig. 4),
indicating that each tree was true progeny derived from each population and there were seven
populations. Six distinct clades (Fig. 4) were formed into clusters including populations 0320,
1004, 1011, 1001, 1022, and (1026+1013), while a paraphyletic relationship was indicated
between populations 1026 and 1013 with a same parent A-772. Pedigree records for the six subpopulations (clusters) could be confirmed by the inclusion each of the remaining parents in the six
clades, and the paraphyletic association was expected since populations 1026 and 1013 had a
shared parent, A-772.
QTL analysis and SNP identification
A genome-wide association study was conducted in the 149 trees of the seven populations
in TASSEL 5. Based on MLM on TASSEL 5, the distribution of QQ plot between the observed
LOD (-log(P-value)) values vs the expected LOD (-log(P-value)) values showed a large
divergence from the expected distribution for each of the four traits, expressible juice, soluble
solids, mealiness and fruit weight (Fig. 5), indicating there were SNPs associated with each of the
four traits. A total of 63 SNPs had LOD (-log(P-value)) > 2.0 across three models, SMR, GLM,
and MLM in TASSEL 5 for the four traits, showing that the 63 SNPs were associated with the four
traits. From the Manhattan plot created with all 6,110 SNPs distributed on all eight peach
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chromosomes, there were several peaks for each of the four traits - expressible juice, soluble solids,
mealiness and fruit weight. The Manhattan plot SNPs had LOD values greater than 2.0 based on
MLM analysis (Fig. 6), further indicating there were existing QTLs in association with the four
traits.
Four QTLs were identified to be associated with expressible juice on chromosome (chr) 1,
4, 6 and 8, respectively; five QTLs with soluble solids on chr 1, 2, 3, 5, and 6, respectively; four
QTLs with mealiness, among which two on chr 3 and two on 6, respectively; and three QTLs with
fruit weight on chr 2, 4, and 6 respectively (Table 2). Based on LOD (-log(P-value)) greater than
2.0 across three models of SMR (single marker regression), GLM (general linear model), and
MLM (mixed linear model) in Tassel 5, a total of 14 SNPs were associated with the four QTLs for
expressible juice; 9 SNPs with the five QTLs for soluble solids; 22 SNPs with four QTLs for
mealiness; and 19 SNPs with the three QTLs for fruit weight (Table 2).
The four QTLs for expressible juice, which included a total of 14 SNP markers, were
temporarily called Qtl_juice_chr1, Qtl_juice_chr4, Qtl_juice_chr6, and Qtl_juice_chr8 (Table 2).
The Qtl_juice_chr1 had five associated SNP markers located on chr 1 with a region of 273,176 bp
from the SNP, PP01_36325047_SNP_IGA_109648_A_G at 36,325,047 bp to the SNP,
PP01_36598223_Peach_AO_0108511_T_C at 36,598,223 bp on chr 1; the Qtl_juice_chr4 also
had five markers located on chr 4 with a region of 43,279 bp from the SNP,
PP04_9619486_Peach_AO_0440494_A_G

at

9,619,486

bp

to

the

SNP,

PP04_9662783_Peach_AO_0440745_A_C at 9,662,783 bp; the Qtl_juice_chr6 had three markers
on chr 6 with a region of 25,867 bp from PP06_7300077_Peach_AO_0611528_A_G at 7,300,077
bp to PP06_7558544_Peach_AO_0612292_T_C at 7,558,544 bp; and the Qtl_juice_chr8 had only
one SNP marker PP08_4596834_Peach_AO_0807808_T_G at 4,596,834 bp on chr 8 (Table 2).
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All the 14 SNP markers had a significant LOD (-log(P-value)) ranging from 2.06 in MLM
for

the

three

SNP

markers,

PP06_7300077_Peach_AO_0611528_A_G,

PP06_7552658_SNP_IGA_627350_A_G, and PP06_7558544_Peach_AO_0612292_T_C of the
QTL,

Qtl_juice_chr6

to

10.87

in

PP04_9632411_Peach_AO_0440543_T_C,

SMR

for

the

three

markers,

PP04_9640313_SNP_IGA_405623_T_C,

and

PP04_9640863_SNP_IGA_405628_T_C of Qtl_juice_chr4 (Table 2), indicating that the 14 SNP
markers were significantly associated with the expressible juice trait in peach based on the seven
populations used in this study.
The five QTLs for soluble solids - with nine SNP markers - were temporarily called
Qtl_solids_chr1, Qtl_solids_chr2, Qtl_solids_chr3, Qtl_solids_chr4, and Qtl_solids_chr6. The
Qtl_solids_chr1 had two associated SNP markers located on chr 1 with a region of 49,667 bp and
two

SNPs,

PP01_10559523_Peach_AO_0029901_T_C

and

PP01_10722275_Peach_AO_0030098_T_G were located at 10,559,523 bp and 10,722,275 bp
respectively; Qtl_solids_chr2 had only one SNP, PP02_3547406_SNP_IGA_153641_T_C located
at

3547406

bp

on

chr

2;

PP03_11003922_Peach_AO_0347883_T_G and

Qtl_solids_chr3

had

two

SNPs

PP03_11073942_Peach_AO_0348033_T_G

located at 11,003,922 bp and 11,073,942 bp with a distance of 70,020 bp on chr 3; Qtl_solids_chr5
had only one SNP, PP05_16569688_Peach_AO_0589712_A_G located at 16,569,688 bp on chr
5; and Qtl_solids_chr6 had three SNPs with a region of 72,776 bp on chr 6 (Table 2). All of the
nine SNP markers for soluble solids had a significant LOD (-log(P-value)) ranging from 2.01 in
MLM for the SNP marker, PP03_11073942_Peach_AO_0348033_T_G of Qtl_solids_chr3 to 4.57
in SMR for the marker, PP01_10722275_Peach_AO_0030098_T_G of Qtl_solids_chr1 (Table 2),
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indicating that the nine SNP markers were significantly associated with the soluble solids trait in
peach, based on the seven populations included in this study.
The four QTLs for mealiness - with 22 SNP markers - were temporarily called,
Qtl_mealiness_chr3.1, Qtl_mealiness_chr3.2, Qtl_mealiness_chr8.1, and Qtl_mealiness_chr8.2.
The Qtl_mealiness_chr3.1 had three associated SNP markers located on chr 3 with a region of
49,667 bp from the SNP, PP03_70+18:3759470_SNP_IGA_311941_T_Cv at 7,059,470 bp to
PP03_7109137_Peach_AO_0334531_A_G at 7,109,137 bp on chr 3; the Qtl_mealiness_chr3.2
also had three markers located on chr 3 with a region of 73,815 bp from 21,318,795 bp
(PP03_21318795_Peach_AO_0386692_T_G)

to

21,392,610

bp

(PP03_21392610_SNP_IGA_352413_A_G) on chr 3; Qtl_mealiness_chr8.1 had 8 SNPs with a
range of 258,948 bp from PP08_5773047_Peach_AO_0815601_A_G at 57,73,047 bp to
PP08_6031995_SNP_IGA_828051_A_G at 60,31,995 bp on chr 8; and Qtl_mealiness_chr8.2 also
had 8 SNPs located on chr 8 with a region of 7,9175 bp from the SNP
PP08_18438875_SNP_IGA_877294_T_C

at

18,438,875

bp

to

the

SNP

PP08_18518050_Peach_AO_0864350_A_G at 18,518,050 bp on chr 8 (Table 2). All 22 SNP
markers for mealiness had a significant LOD (-log(P-value)) ranging from 2.17 in MLM for the
SNP marker, PP03_21318795_Peach_AO_0386692_T_G of QTL, Qtl_mealiness_chr3.2 to 6.22
in SMR for the eight markers of Qtl_mealiness_chr8.1 (Table 2), indicating that the 22 SNP
markers were significantly associated with the mealiness trait in peach, based on the seven
populations used in this study.
The three QTLs for fruit weight - with 18 SNP markers - were temporarily called,
Qtl_fruit_weight_chr2, Qtl_fruit_weight_chr4, and Qtl_fruit_weight_chr6 (Table 2). The
Qtl_fruit_weight_chr2 had six associated SNP markers located on chr 2 with a region of 137,444
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bp

from

the

SNP,

PP02_17515115_Peach_AO_0270289_T_C

at

17,515,115

bp

to

PP02_17652559_Peach_AO_0270978_T_C at 17,652,559 bp on chr 2; the Qtl_fruit_weight_chr4,
had

two

markers,

PP04_10696489_SNP_IGA_410398_A_G

and

PP04_10704817_Peach_AO_0444920_A_C, closely linked together located on chr 4 with a
region of 8,323 bp from 10,696,489 bp to 10,7048,17 bp of chr 4; and Qtl_fruit_weight_chr6 had
10 SNPs with a region of 175,375 bp from PP06_3369251_Peach_AO_0601367_T_C at
3,369,251 bp to PP06_3544626_SNP_IGA_609463_T_C at 3,5,44626 bp on chr 6 (Table 2). All
the 18 SNP markers for fruit weight had a significant LOD (-log(P-value)) ranged from 2.28 in
SMR for the six SNP markers of the QTL, Qtl_fruit_weight_chr2 to 11.10 in SMR for the 10
markers of Qtl_fruit_weight_chr6 (Table 2), indicating that the 18 SNP markers were significantly
associated with fruit weight in peach, based on the seven populations included in this study.
Discussion
Phenotypic data
Four fruit quality traits - expressible juice, visual mealiness scores, soluble solids, and fruit
weight - were phenotyped during one growing season using seven University of Arkansas peach
populations along with their surviving parents. Of the four phenotypic traits used in this study,
only one trait – mealiness - was scored qualitatively by visual assessment and yielded categorical
data. The other three phenotypic traits - expressible juice, soluble solids, and fruit weight - were
measured using non-subjective scientific lab equipment and yielded continuous data with normal
distributions (Fig. 3), providing evidence these traits are under polygenic control (Cantín et al.
2010a). The mealiness and expressible juice data were expected to correlate with each other in this
study, while soluble solids and fruit weight were not expected to have a significant relationship
with any of the traits studied.
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QTLs previously reported for soluble solids and fruit weight in peach are currently
available on the GDR website, an important database for the Rosaceae research community.
Although the GDR website does not currently have any QTLs listed for mealiness, there have been
published studies for this trait (Cantín et al. 2010a; Martínez-García et al. 2013; Nuñez-Lillo et al.
2015; 2019). This is, however, the first known study to find QTLs associated with expressible
juice as a stand-alone trait.
Phylogenetic analysis for the seven population
Seven populations maintained at the University of Arkansas Fruit Research Station (FRS)
in Clarksville, AR (Fig. 1) were used in this study (Table 1). All populations were selected for
their segregating flesh types and had at least one living parent. The parents A-665, A-672, A-763,
A-786, A-772, A-765, A-816, and White County were living and available for genetic analysis,
while parents A-800, A-753, A-773, A-774, and A-779 were no longer available. White County,
A-765, A-786, and A-665 were the only parents assessed as having the “mealy” phenotype.
Pedigree records for the six populations were confirmed by phylogenetic analysis with
MEGA7 software. The only unique observation from the analysis was a paraphyletic association
in populations 1026 and 1013, which is expected since they had a parent in common, A-772.
Phylogenetic analysis in the peach is relatively simple as the peach has restricted genetic diversity
for two reasons: a breeding bottleneck that occurred during domestication and extensive
inbreeding in European and American cultivars (Scorza et al. 1985; i Forcada et al. 2013.)
QTL and SNP markers
Finding false-positive QTLs is common and problematic in genome-wide association
studies. One way this issue can be mitigated is by capping the p-value threshold to a minimum of
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.0001 (Bernardo 2004). We have reduced the possibility of reporting false-positive QTLs by using
an LOD value above 2 as the analysis threshold.
The GDR website repository currently has 46 QTLs associated with fruit weight, and 35
QTLs associated with total water-soluble content. It currently does not have any QTLs listed for
mealiness or expressible juice, although the mealiness trait has been reported in association with
QTLs mapped to linkage group (LG) 4 in multiple studies (Cantín et al. 2010a; Martínez-García
et al. 2013; Nuñez-Lillo et al. 2015) and additionally on LG2 and LG7 (Nuñez-Lillo et al. 2015)
and LG5 (Nuñez-Lillo et al. 2019). One major QTL for mealiness was located at the F-M locus
near the inferior end of LG4, while minor QTLs were described in association with LG4 and LG6.
Nunez-Lillo et al. (2015) reported transcription factors ERF4 and CPK9 in the NAC protein family
on LG4 as the most likely candidate genes associated with regulating mealiness. Our study did
not correlate the mealiness trait with any SNPs or QTLs on chromosome 4, and we are instead
reporting QTLs on chromosomes 3 and 8. A possible explanation for this disagreement can be
attributed to the different methods of phenotyping in the separate studies. Nunez-Lillo et al. (2015)
in particular adopted the Infante et al. (2009) protocol for assessing mealiness. In this protocol,
known as the Paper Absorbent Method (PAM), a fresh fruit slice is pressed between two metal
cylinders and the amount of juice absorbed on a paper towel is measured. One could easily argue
this is a measurement of “expressible juice” and not true mealiness since fruit flesh texture is not
assessed or taken into consideration by Nunez-Lillo et al. With this understanding, our QTL for
expressible juice on chromosome 4 is supported by Nunez-Lillo et al.’s (2015) study.
There are multiple studies corroborating that QTLs for fruit quality traits are located on
chromosome 4 (Dirlewanger et al. 1999; Etienne et al. 2002; Quilot et al. 2004; Cantín et al. 2010b;
Eduardo et al. 2013; Socquet-Juglard et al. 2013; Font i Forcada et al. 2018). Soluble solids, or the
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accumulation of sugars, is particularly important since it is a measure of the fruit’s sweetness.
There is at least one other known study that also identified a QTL associated with this trait on LG5
(Nuñez-Lillo et al. 2019). Fresnedo-Ramirez et al. (2015) reported QTLs for soluble solids on both
LG1 and LG2 for two consecutive years, which supports our findings with the same chromosome.
Comparing specific intrachromosomal positions among different studies is more difficult
even when identical phenotyping protocols are used. Fresnedo-Ramirez et al. (2015) used a 9K
peach SNP array for their phenotypic data collected in 2011 and 2012, while our study utilized the
International RosBREED SNP Consortium (IRSC) 16K Illumina Infinium® array. For their 2011
and 2012 soluble solids data, Fresnedo-Ramirez et al. (2015) found evidence for a QTL between
markers 22_277273 and ss_285534, which is represented near the bottom of LG2 shown in their
paper. However, they also report another QTL for soluble solids that mapped to the bottom of LG1
using their 2011 data, while their 2012 data placed the QTL location closer to the middle of LG1.
Dirlewanger et al. (1999) reported two QTLs on LG 6 for fruit weight, while we are
reporting one QTL on LG 5 as well as one QTL on LG 2 and one on LG 4. Our results most closely
match Fresnedo-Ramirez et al.’s study (2015) where QTLs for fruit weight were found on LG 2
one year (2011) and on LGs 2, 4, and 5 from another year (2012). Fresnedo-Ramirez et al. (2015)
also suggest that Prunus species have a conserved genetic playbook since fruit weight and fruit
diameter were both found to have associated QTLs on LG 2 in cherry, almond, and peach studies.
Interestingly, major QTLs found in this study (considering all four phenotypic traits collectively)
were associated with all of the peach chromosomes except for chromosome 7.
Future QTL mealiness studies should include an assessment of peach flesh types, or
perhaps non-melting (CNMF) flesh types should purposely be excluded from the genetic analysis
of a mealiness study since they are not likely to become mealy under any conditions. The next
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phase of this research will be to design DNA-based tests for the QTLs discovered and to screen
new populations with these tests to determine if the trait of interest can be accurately and reliably
predicted. Verifying a true association with the mealiness trait to chromosomes 3 and 8 is of
particular interest since this is a novel finding in the first known study to clearly distinguish
between “expressible juice” and “mealiness.” These new QTLs can be added to the global GDR
database as a potentially useful resource for other Rosaceae breeders.
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Appendix

Fig. 1 Peach tree population ARPop0320 as example at the University of Arkansas Fruit Research
Station, Clarksville, AR, USA.
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Fig 2 A. Peaches were picked based on maturity, labeled, weighed, and then put in cold storage
at 5°C for 2 weeks. B-E. After the two week cold storage treatment, a borer was used to collect a
“core” sample from the peach. F. The peach core is homogenized in the syringe, and the
homogenate is expressed, weighed, and then centrifuges. The expressible juice content (%) was
calculated by measuring the weight of the supernatant and dividing it by the weight of the
homogenate and multiplying by 100 [(weight of supernatant/weight of homogenate)* 100].G.
Juicy fruit on the left (visual mealiness score=1). H. Minimal juice visible in fruit (visual mealiness
score=2). I. Dry, mealy fruit on the right (visual mealiness score=3). All photos by author except
B-F which are used with permission.
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Fig. 3 Histograms for A. 2016 expressible juice (%), B. 2016 visual mealiness scores (1-3), C.
2016 fruit weight (g), D. 2016 soluble solids (%)
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Fig. 4 Phylogenetic tree featuring all seven populations and remaining parents made with MEGA7
software. All populations formed distinct clades except for populations 1026 and 1013 which
feature a shared parent (tree A-772.)
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Fig. 5 Expected -Log10(P-Value) vs. -Log10(P-Value) of four phenotypic traits in peach.

Fig. 6 Manhattan plots showing p-values for Expressible Juice in peach.
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Fig. 7 Manhattan plots showing p-values for Soluble Solids in peach.

Fig. 8 Manhattan plots showing p-values for Fruit Weight in peach.
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Fig. 9 Manhattan plots showing p-values for Mealiness in peach.

Table 1 Seven peach populations and their parents
University of Arkansas
peach population

Number of
progeny

1001
1004
1011
1013
1022
1026
320
Total # of individuals

6
33
29
10
30
26
38
172

Female parent

Male parent

A-665
A-753
A-786
A-772*
A-765
A-816
White County

A-800
A-763
A-773
A-774
A-779
A-772*
A-672

Table 2 The significant SNP markers associated with expressible juice, soluble solids, mealiness, and fruit weight among the 149
peach trees of 7 populations using three models, SMR (single marker regression), GLM (general linear model), and MLM (mixed
linear model) in Tassel 5.

S NP

Chr

Pos

LOD value
-log(p-value))

R-squre (%)

Trait

S MR GLM MLM S MR GLM MLM
PP01_36325047_SNP_IGA_109648_A_G
PP01_36326669_Peach_AO_0107708_A_C
PP01_36513109_Peach_AO_0108205_T_C
PP01_36590926_SNP_IGA_110413_A_G
PP01_36598223_Peach_AO_0108511_T_C
PP04_9619486_Peach_AO_0440494_A_G
PP04_9632411_Peach_AO_0440543_T_C
PP04_9640313_SNP_IGA_405623_T_C
PP04_9640863_SNP_IGA_405628_T_C
PP04_9662783_Peach_AO_0440745_A_C
PP06_7300077_Peach_AO_0611528_A_G
PP06_7552658_SNP_IGA_627350_A_G
PP06_7558544_Peach_AO_0612292_T_C
PP08_4596834_Peach_AO_0807808_T_G
PP01_10559523_Peach_AO_0029901_T_C
PP01_10722275_Peach_AO_0030098_T_G
PP02_3547406_SNP_IGA_153641_T_C
PP03_11003922_Peach_AO_0347883_T_G
PP03_11073942_Peach_AO_0348033_T_G
PP05_16569688_Peach_AO_0589712_A_G
PP06_1299192_SNP_IGA_616508_T_C
PP06_1369086_SNP_IGA_616295_T_C
PP06_1371968_SNP_IGA_616286_A_G

1
1
1
1
1
4
4
4
4
4
6
6
6
8
1
1
2
3
3
5
6
6
6

36325047
36326669
36513109
36590926
36598223
9619486
9632411
9640313
9640863
9662783
7300077
7552658
7558544
4596834
10559523
10722275
3547406
11003922
11073942
16569688
1299192
1369086
1371968

8.60
8.60
8.60
8.60
8.60
8.56
10.87
10.87
10.87
9.99
3.61
3.61
3.61
6.37
3.88
4.57
3.21
2.08
2.31
2.43
2.74
2.74
2.74

4.02
4.02
4.02
4.02
4.02
4.41
3.08
3.08
3.08
5.72
2.74
2.74
2.74
2.55
3.63
3.81
3.57
2.27
2.43
3.27
3.11
3.11
3.11

2.18
2.18
2.18
2.18
2.18
3.07
2.20
2.20
2.20
3.22
2.06
2.06
2.06
2.55
2.69
3.47
2.90
2.88
2.01
3.36
2.84
2.84
2.84

QTL

23.75 8.95 7.92
23.75 8.95 7.92
23.75 8.95 7.92
23.75 8.95 7.92
23.75 8.95 7.92
23.66 9.76 11.32
29.04 6.96 7.99
29.04 6.96 7.99
29.04 6.96 7.99
27.02 12.38 11.92
10.77 6.21 7.46
10.77 6.21 7.46
10.77 6.21 7.46
19.79 6.63 10.18
11.58 9.74 8.98
13.44 10.09 11.63
9.63 9.48 9.62
6.35 6.17 9.57
7.48 6.93 7.55
7.39 8.74 11.23
8.28 8.34 9.42
8.28 8.34 9.42
8.28 8.34 9.42

QTL name

Q TL re gion
(bp)

Qtl_juice_chr1

273176

Qtl_juice_chr4

43297

Qtl_juice_chr6

25867

Expressible
Juice

Qtl_juice_chr8
Qtl_solids_chr1

162752

Qtl_solids_chr2
Qtl_solids_chr3

70020

Qtl_solids_chr5
Qtl_solids_chr6

S oluble
S olids

72776
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Table 2 (Cont.)
S NP

Chr

Pos

LOD value
-log(p -value))

R-squre (%)

QTL
Trait

S MR GLM MLM S MR

GLM

MLM

PP03_70+18:3759470_SNP_IGA_311941_T_C
PP03_7088012_SNP_IGA_312052_A_C
PP03_7109137_Peach_AO_0334531_A_G
PP03_21318795_Peach_AO_0386692_T_G
PP03_21341498_SNP_IGA_352362_T_C
PP03_21392610_SNP_IGA_352413_A_G
PP08_5773047_Peach_AO_0815601_A_G
PP08_5795463_SNP_IGA_826662_T_C
PP08_5806282_Peach_AO_0815675_A_G
PP08_5985758_SNP_IGA_827612_A_G
PP08_6013201_Peach_AO_0817026_A_G
PP08_6031107_SNP_IGA_828011_A_G
PP08_6031590_SNP_IGA_828034_A_G
PP08_6031995_SNP_IGA_828051_A_G
PP08_18438875_SNP_IGA_877294_T_C
PP08_18468651_Peach_AO_0864087_T_C
PP08_18480207_Peach_AO_0864176_T_C
PP08_18481531_Peach_AO_0864191_A_G
PP08_18485356_SNP_IGA_877454_T_C
PP08_18493752_SNP_IGA_877484_A_G
PP08_18517604_Peach_AO_0864346_A_G

3
3
3
3
3
3
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

7059470
7088012
7109137
21318795
21341498
21392610
5773047
5795463
5806282
5985758
6013201
6031107
6031590
6031995
18438875
18468651
18480207
18481531
18485356
18493752
18517604

2.93
3.52
3.82
2.25
2.72
2.25
6.22
6.22
6.22
6.22
6.22
6.22
6.22
6.22
5.55
3.41
5.27
5.18
5.27
5.18
5.27

3.58
4.01
4.21
2.40
2.55
2.40
4.45
4.45
4.45
4.45
4.45
4.45
4.45
4.45
4.72
3.04
4.55
4.49
4.51
4.49
4.51

2.23
2.70
2.85
2.17
2.33
2.17
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.66
2.39
3.51
3.48
3.50
3.48
3.50

8.83
10.64
11.44
6.87
8.62
6.87
17.93
17.93
17.93
17.93
17.93
17.93
17.93
17.93
16.49
10.20
15.41
15.27
15.41
15.27
15.41

9.58
10.75
11.16
6.53
7.22
6.53
11.81
11.81
11.81
11.81
11.81
11.81
11.81
11.81
12.60
8.19
12.06
12.00
11.97
12.00
11.97

6.56
8.20
8.54
6.39
7.48
6.39
10.35
10.35
10.35
10.35
10.35
10.35
10.35
10.35
11.29
7.05
10.62
10.58
10.57
10.58
10.57

PP08_18518050_Peach_AO_0864350_A_G
PP02_17515115_Peach_AO_0270289_T_C
PP02_17552314_SNP_IGA_260373_A_G
PP02_17552721_SNP_IGA_260384_T_C
PP02_17639010_Peach_AO_0270863_T_C
PP02_17640835_SNP_IGA_261034_T_C
PP02_17652559_Peach_AO_0270978_T_C
PP04_10696489_SNP_IGA_410398_A_G
PP04_10704817_Peach_AO_0444920_A_C
PP06_3369251_Peach_AO_0601367_T_C
PP06_3386117_Peach_AO_0601411_A_C
PP06_3411678_SNP_IGA_609723_A_G
PP06_3440533_SNP_IGA_609630_A_G
PP06_3440645_Peach_AO_0601598_T_C
PP06_3445617_Peach_AO_0601606_A_C
PP06_3499037_SNP_IGA_609531_A_G
PP06_3532883_SNP_IGA_609501_A_G
PP06_3540424_SNP_IGA_609485_A_G
PP06_3544626_SNP_IGA_609463_T_C

8
2
2
2
2
2
2
4
4
6
6
6
6
6
6
6
6
6
6

18518050
17515115
17552314
17552721
17639010
17640835
17652559
10696489
10704817
3369251
3386117
3411678
3440533
3440645
3445617
3499037
3532883
3540424
3544626

5.27
2.28
2.28
2.28
2.28
2.28
2.28
5.30
5.54
11.10
11.10
11.10
11.10
11.10
11.10
11.10
11.10
11.10
11.10

4.51
2.78
2.78
2.78
2.78
2.78
2.78
6.30
7.77
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25

3.50
2.74
2.74
2.74
2.74
2.74
2.74
3.19
3.45
3.23
3.23
3.23
3.23
3.23
3.23
3.23
3.23
3.23
3.23

15.41
6.94
6.94
6.94
6.94
6.94
6.94
15.41
16.03
29.55
29.55
29.55
29.55
29.55
29.55
29.55
29.55
29.55
29.55

11.97
5.33
5.33
5.33
5.33
5.33
5.33
11.40
13.74
6.18
6.18
6.18
6.18
6.18
6.18
6.18
6.18
6.18
6.18

10.57
8.90
8.90
8.90
8.90
8.90
8.90
10.41
11.32
10.57
10.57
10.57
10.57
10.57
10.57
10.57
10.57
10.57
10.57

QTL name

Q TL re gi on
(bp)

Qtl_meanliness_chr3.1

49667

Qtl_meanliness_chr3.2

73815

Qtl_meanliness_chr8.1

258948
Mealiness

Qtl_meanliness_chr8.2

79175

Qtl_fruit_weight_chr2

137444

Qtl_Fruit_weight_chr4

8328
Fruit
Weight

Qtl_fruit_weight_chr6

175375
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CHAPTER 3: MUSCADINE
High-density linkage maps and loci for berry color and flower sex in muscadine grape
(Vitis rotundifolia)
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Key message
Linkage maps of muscadine grape generated using genotyping-by-sequencing (GBS) provide
insight on genome collinearity between Muscadinia and Euvitis subgenera and genetic control of
flower sex and berry color.
Abstract
The muscadine grape, Vitis rotundifolia, is a specialty crop native to the southeastern U.S.
Muscadine vines can be male, female, or perfect-flowered and berry color ranges from bronze to
black. Genetic linkage maps were constructed using genotyping-by-sequencing (GBS) in two F1
populations segregating for flower sex and berry color. The linkage maps consisted of 1244 and
2069 markers assigned to 20 linkage groups (LG) for the ‘Black Beauty’ x ‘Nesbitt’ and
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‘Supreme’ x ‘Nesbitt’ populations, respectively. Data from both populations were used to
generate a consensus map with 2346 markers across 20 LGs. A high degree of collinearity was
observed between the genetic maps and the Vitis vinifera physical map. The higher chromosome
number in muscadine (2n = 40) compared to V. vinifera (2n = 38) was accounted for by the
behavior of V. vinifera chromosome 7 as two independently segregating LGs in muscadine. The
muscadine sex locus mapped to an interval that aligned to 4.64-5.09 Mb on V. vinifera
chromosome 2, a region which includes the previously described V. vinifera subsp. sylvestris sex
locus. While the MYB transcription factor genes controlling fruit color in V. vinifera are located
on chromosome 2, the muscadine berry color locus mapped to an interval aligning to 11.0911.88 Mb on V. vinifera chromosome 4, suggesting that a mutation in a different gene in the
anthocyanin biosynthesis pathway determines berry color in muscadine. These linkage maps lay
the groundwork for marker-assisted breeding in muscadine and provide insight on the evolution
of Vitis species.
Keywords: genetic linkage map, genotyping-by-sequencing, anthocyanin, sex locus, Vitaceae
evolution, Muscadinia rotundifolia
Introduction
Muscadine grapes, Vitis rotundifolia Michx. (syn. Muscadinia rotundifolia [Michx.]
Small), are native to the southeastern United States and are found in the wild from Delaware to
central Florida and from the Atlantic coast to eastern Texas (Lane 1997). The first reported use
of muscadines was in 1565 when Captain John Hawkins observed French colonists in Florida
making wine with local grapes (Winsor 2016). Today, muscadines are widely cultivated across
the southeastern U.S., where they are consumed as fresh fruit and used to make wines, juices and
jellies (Olien 1990). They have grown in popularity in recent years due to interest in their high
nutraceutical content (Conner 2009). Muscadines thrive in the warm, humid climate of the
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southeastern United States, but suffer from winter injury in colder areas. They are adapted to
well-drained, moderately fertile soil with a pH of 5.5 to 6.5 (Himelrick 2001; Striegler et al.
2005) where temperatures remain above -12 °C (Ahmedullah and Himelrick 1990).
The genus Vitis is composed of two subgenera, Euvitis Planch. (bunch grapes) and
Muscadinia Planch, though some authors even consider Muscadinia a separate genus (Small
1913). While subgenus Euvitis includes approximately 70 species distributed across mostly
temperate regions in the Northern hemisphere, subgenus Muscadinia is composed of only three
New World species: V. munsoniana Simpson ex Munson, V. popenoei Fennell, and muscadine
(V. rotundifolia) (Wen 2007; Brizicky 1965). Of the Muscadinia species, only V. rotundifolia is
commercially important. While Euvitis grapes, such as the European wine and table grape (V.
vinifera) and the American ‘Concord’ grape (largely V. labrusca), have 38 chromosomes,
Muscadinia grapes have 40 chromosomes. Muscadines differ from bunch grapes in that they
have smaller clusters, unbranched tendrils, berries that abscise at maturity, distinctive fruity
aromas, thick skins, dense wood, continuous pith, and smooth, thin bark (Olien 1990).
Muscadines are also highly resistant to a broad range of diseases and pests that cause extensive
economic losses in V. vinifera including Pierce’s disease (Xylella fastidiosa Wells et al.) (Olmo
1971), phylloxera (Daktulosphaira vitifoliae Fitch) (Firoozabady and Olmo 1982), downy
mildew (Plasmopara viticola [Berk. & M.A. Curtis] Berl. & De Toni) (Merdinoglu et al. 2003),
and powdery mildew (Erysiphe necator syn. Uncinula necator [Schw. Burr]) (Staudt 1997).
Although it is occasionally possible to make interspecific crosses between the two subgenera,
significant physiological and genetic differences between Euvitis and Muscadinia grapes
complicate the transfer of disease resistance genes from muscadine to V. vinifera (Detjen 1919;
Patel and Olmo 1955; Olmo 1986). An example of a disease resistance gene from muscadine that
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has been successfully introgressed into V. vinifera and widely deployed in grape breeding
programs around the world is RUN1 (resistance to U. necator 1), a dominant powdery mildew
resistance gene (Pauquet et al. 2001; Barker et al. 2005; Feechan et al. 2015; 2013; Agurto et al.
2017).
Muscadine vines in the wild are functionally dioecious. Female (pistillate) vines have
imperfect hermaphroditic flowers with enlarged ovary, style, and stigma and stamens with short,
recurved filaments that produce sterile pollen. Male (staminate) vines have flowers that lack
pistils and consist of a whorl of erect stamens containing viable pollen (Detjen 1917). Perfectflowered (hermaphroditic) muscadine vines were developed independently from two separate
sources in the early 20th century. These two original hermaphroditic seedlings, known as H1 and
H2, are in the pedigree of all perfect-flowered muscadine cultivars (Dearing 1948). The original
H1 perfect-flowered muscadine seedling was selected from a cross between the female
muscadine cultivar ‘Eden’ and the V. munsoniana pollinizer ‘Mission Male’. The H2 source of
hermaphroditism was developed by crossing the female muscadine cultivar ‘Scuppernong’ and
the muscadine pollinizer ‘New Smyrna’. Perfect flowers derived from both H1 and H2 sources
are self-fertile and have a normal pistil surrounded by at least five upright stamens with filaments
equal to or taller than the collective height of the ovary, style, and stigma (Detjen 1917).
Although domesticated grapes (V. vinifera subsp. vinifera) are hermaphroditic and selffertile, other wild Euvitis grapes, including the ancestor of the cultivated grapevine (V. vinifera
subsp. sylvestris) are dioecious (Zhou et al. 2017). Flower sex inheritance in V. vinifera is
controlled by a single major locus with three alleles, male (M), hermaphrodite (H), and female
(F), with M>H>F allelic dominance (Levadoux 1946; Antcliff 1980; Carbonneau 1983). The sex
locus in Euvitis grapes has been mapped to a region on chromosome 2 near the simple sequence
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repeat (SSR) marker VviB23 (Dalbó et al. 2000; S. Riaz et al. 2006; Marguerit et al. 2009;
Battilana et al. 2013). The sex determining region was further fine-mapped to a 143 kb region
between 4.91 and 5.50 Mb, spanning less than one percent of V. vinifera chromosome 2 (Fechter
et al. 2012). Picq et al. (Picq et al. 2014) designed primers to sequence 11 amplicons covering
potential candidate genes within the boundaries of the sex locus, sequenced 65 geographically
diverse wild genotypes, and found 46 polymorphisms in four amplicons (VSVV006, VSVV007,
VSVV009, and VSVV010) that were strongly linked to flower sex. Recently, Conner et al.
(Conner et al. 2017) used the primers developed by Picq et al. (2014) to generate amplicons in
male, female, and hermaphroditic muscadine cultivars and to design diagnostic markers for sex
in muscadine. Two codominant markers were developed based on insertion/deletion (indel)
polymorphisms in a trehalose-6-phosphate phosphatase (TPP) gene (VR006) and a WRKY
transcription factor 21 gene (VR009) in the muscadine amplicons. VR006 was diagnostic for
female sex in all germplasm tested, while VR009 was predictive for female sex in most, but not
all, muscadine germplasm (Conner et al. 2017).
The quantity and composition of anthocyanins in berry skins determines the color of
Euvitis and Muscadinia grapes. Nearly all wild muscadines produce black (very dark purple)
berries. Vines producing bronze (greenish yellow) berries are occasionally found in the wild,
though many bronze cultivars have been developed for fresh-market and processing use (Olien
1990). Most muscadine cultivars are classified as black or bronze, though some cultivars produce
pink or red berries (Conner and MacLean 2013). The anthocyanin content in the skins of bronze
muscadines is usually less than 100 µg g-1, while the anthocyanin content of black-fruited
muscadines ranges from less than 1000 µg g-1 to over 5000 µg g-1 (Conner and MacLean 2013).
The anthocyanins found in muscadines are predominantly non-acylated 3,5-diglucosides of
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delphinidin, cyanidin, petunidin, pelargonidin, peonidin, and malvidin (Sandhu and Gu 2010).
Bronze berry color is recessively inherited in muscadine, with crosses between two bronzefruited genotypes resulting in exclusively bronze progeny (Stucky 1919).
While no previous molecular research on the genetics of berry color in muscadines has
been conducted, the genetic control of berry color is well understood in Euvitis grapes. A cluster
of four MYB transcription factor genes located on chromosome 2 controls quantitative variation
in berry color in V. vinifera (Kobayashi, Goto-Yamamoto, and Hirochika 2004; This, Lacombe,
and Owens 2007; Fournier-Level et al. 2009). The white-fruited phenotype is recessively
inherited and associated with the insertion of the Gret1 retrotransposon in the promoter region of
VvmybA1 (Kobayashi, Goto-Yamamoto, and Hirochika 2004; This, Lacombe, and Owens 2007).
This retrotransposon and four other polymorphisms within VvmybA1, VvmybA2, and VvmybA3
accounted for 84% of the observed variation in berry color in a core collection of V. vinifera
accessions (Fournier-Level et al. 2009). Myles et al. (Myles et al. 2011) also found that a 5 Mb
region on chromosome 2 encompassing the MYB transcription factors was associated with berry
color in a large genome-wide association study of the USDA grape germplasm collection and
found a strong signature of positive selection for white grapes during domestication.
To date, little molecular research has been conducted in muscadine grape. Fortunately,
the close genetic relationship between the Muscadinia and Euvitis subgenera have enabled
researchers to leverage advances from the V. vinifera community to develop tools for markerassisted selection in muscadine grapes. Simple sequence repeat (SSR) markers from 11 different
LGs in the V. rupestris Scheele x V. arizonica Engelm. genetic map (S. Riaz et al. 2006) were
used to fingerprint and authenticate muscadine cultivars and hybrids (Riaz et al. 2008). Simple
sequence repeat markers developed in Euvitis species have also been used to genotype
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muscadine populations and develop genetic linkage maps (S. Riaz, Hu, and Walker 2012; Blanc
et al. 2012). Markers from Euvitis grapes have also been used to map disease resistance powdery
mildew loci introgressed from muscadine including RUN1 (Pauquet et al. 2001; Feechan et al.
2013; Barker et al. 2005), RUN2 (S. Riaz et al. 2011), and REN5 (Blanc et al. 2012). Molecular
research in muscadine grapes has been heavily focused on identification and characterization of
disease resistance loci, but research on muscadine can also provide insight into the evolution of
Vitis species. Furthermore, the identification of molecular markers linked to traits related to fruit
quality and productivity would accelerate breeding for these traits in muscadine cultivar
development programs. The objective of this study was to use GBS to develop densely saturated
linkage maps of muscadine grapes and to map loci for flower sex and berry color.
Materials and methods
Plant material and phenotyping
Two biparental F1 mapping populations, ‘Black Beauty’ x ‘Nesbitt’ (BB x N) and
‘Supreme’ x ‘Nesbitt’ (S x N), each consisting of 172 individuals, were developed for this study.
‘Black Beauty’ and ‘Supreme’ are both pistillate cultivars, while ‘Nesbitt’ is a perfect-flowered
cultivar derived from the H2 source of hermaphroditism (Biasi and Conner 2016). ‘Black
Beauty’, ‘Nesbitt’, and ‘Supreme’ are all black-fruited, but each has one bronze-fruited parent
(Supplemental Fig. 1). Thus, all three parents of the mapping populations were expected to be
heterozygous for berry color. The bronze, pistillate cultivar ‘Fry’ is prominent in each pedigree
(Clark 1997). ‘Fry’ is the female parent of both ‘Nesbitt’ and ‘Black Beauty’ and is also
represented in the maternal and paternal lineage of ‘Supreme’(Conner 2013; Clark 1997; Goldy
and Nesbitt 1985). ‘Black Fry’, the female parent of ‘Supreme’, is a full-sib of ‘Nesbitt’ (Goldy
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and Nesbitt 1985; Conner 2013; Clark 1997). Breeders’ pedigree records for the three parents are
provided in Supplementary Fig. 1.
Both crosses were made in 2007 at the University of Arkansas Fruit Research Station
(FRS) in Clarksville, AR. Seedlings were planted at FRS in May 2008 and trained to a singlewire trellis with a 0.6 m cordon established for each vine. Vines received routine cultural care
including annual dormant pruning to three or four bud spurs. Applications of 43 kg ha-1 of N
fertilizer were made each year, and trickle irrigation was provided as needed. No fungicides or
insecticides were applied to the vines.
The progeny of the two mapping populations first produced fruit in 2010. Leaf tissue for
molecular analysis was harvested in 2011, and phenotyping for flower sex and berry color was
conducted in 2011 and 2012. Flower sex was recorded for each vine each June, while berry color
was recorded at maturity each September. Chi-square goodness-of-fit tests were performed to
test whether the progeny fit the 1:1 segregation ratio of female and perfect-flowered vines
expected in each population. The correct flower sex of two vines from each population with
conflicting sex phenotypes recorded in 2011 and 2012 was verified in June 2017. Berry color
was scored as a qualitative trait (black or bronze), and Chi-square tests were performed to test
whether the progeny fit the 3:1 ratio of black- and bronze-fruited vines expected for a cross
between two heterozygote black parents.
Genotyping-by-sequencing
Young leaf samples were harvested from F1 plants and parents in April 2011. Genomic
DNA was extracted from lyophilized tissue using the Qiagen 96-well DNA Plant Extraction kit
(Valencia, CA). The protocol used a modified extraction buffer that contained 2.9%
polyvinylpyrrolidone. An automated tissue homogenizer (SPEX Geno/Grinder®, Metuchen, NJ)
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was used to grind the freeze-dried leaf samples in a 96-well format. Extracted DNA was
quantified with PicoGreen (Molecular Probes, Carlsbad, CA) and diluted to 50 ng μL-1.
Genotyping-by-sequencing was performed at the Institute of Genomic Diversity, Cornell
University, as described by Elshire et al. (2011) with the ApeKI restriction enzyme used for
digestion. Bar-coded libraries were constructed at 95-plex and sequenced with an Illumina HiSeq
2000 sequencer (single-end, 100 bp read length). Parents were sequenced at four times higher
coverage than the progeny. After sequencing, reads were filtered for quality and processed using
the TASSEL 3.0 GBS pipeline (Glaubitz et al. 2014). Unique reads were aligned to the 12X.0
version of the PN40024 V. vinifera reference genome (Jaillon et al. 2007) using the BurrowsWheeler Aligner, and SNPs were called using the Tassel plugin “DiscoverySNPCaller.” SNP
names indicate their physical position on the reference genome coded as
S(chromosome)_(position in bp).
Genotyping with VR006 and VR009 sex markers
Parents and progeny were genotyped with VR006 and VR009 diagnostic markers for
female flower sex in muscadine grapes. Young leaf tissue was collected from the parents and
surviving progeny of the BB x N (n = 153) and S x N (n= 159) populations in June 2017. DNA
was extracted using a modified CTAB protocol as described by Conner et al. (Conner et al.
2017). Primer sequences and information on PCR conditions and marker scoring for VR006 and
VR009 are available in Conner et al. (2017).
Linkage map construction
Linkage maps for both populations were created using JoinMap v4.1 (Van Ooijen 2006).
Markers were classified as segregating in only the female parent (lm x ll), segregating in only the
male parent (nn x np), or segregating in both parents (hk x hk). A Chi-square goodness-of-fit test
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was performed to check for distortion from the expected frequencies of either a 1:1 ratio (for loci
heterozygous in only one parent, lm x ll or nn x np) or 1:2:1 (for loci heterozygous in both
parents, hk × hk). Progeny and loci with over 20% missing data and severely distorted loci (P ≤
0.001) were excluded from mapping. Phenotypic data for flower sex and berry color for both
mapping populations were included in the linkage analysis. Because the muscadine sex locus is
heterozygous in the male parent and homozygous in the female parent in each cross (nn x np),
female flowered progeny were coded as homozygous (nn) and perfect flowered progeny were
coded as heterozygous (np). All three parents of the BB x N and S x N mapping populations
were heterozygous for berry color (hk x hk) and black berry color is dominant to bronze.
Therefore, it was impossible to infer the genotype of black progeny, which were scored as (h-),
while bronze progeny were scored as homozygotes (kk).
Linkage groups were established using an initial threshold linkage logarithm of odds
(LOD) score of 9.0. Marker order within LGs was determined using the regression mapping
method with default parameters. Map distances were calculated using the Haldane mapping
function (Haldane 1919). Consensus maps for the BB x N and S x N populations were created
using the “combine groups for map integration” function in JoinMap 4.1. Marker order and
distance for each LG in the consensus map was calculated using the same settings as the maps
for each individual population. MapChart 2.1 (Voorrips 2002) was used to produce charts of the
genetic linkage maps. Synteny between the muscadine genetic linkage maps and the physical
map of V. vinifera was visualized using the R package ggplot2 (Wickham 2016).
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Results
Phenotypic data
Observations of flower sex revealed 83 perfect flowered progeny and 66 female progeny
in the BB x N population and 107 perfect flowered progeny and 45 female progeny in the S x N
population (Table 1). No male vines were observed in either population. Twenty-three progeny
in BB x N and 20 progeny in S x N were not scored for flower type as they failed to flower in
either year or flowered too early or too late to be evaluated. The progeny in the BB x N
population fit the expected 1:1 segregation ratio (P = 0.16) for flower sex, but the S x N
population had an excess of perfect flowered progeny (P < 0.001).
One hundred and sixteen progeny of BB x N had black berries while 41 progeny had
bronze-colored berries (Table 2). In the S x N population, 136 progeny had black berries, while
36 progeny had bronze berries (Table 2). There were 15 progeny in the BB x N population that
did not produce fruit in 2011 or 2012 and were not scored for berry color. The progeny of both
the BB x N (P = 0.75) and S x N (P = 0.22) populations fit the expected 3:1 segregation ratio for
black and bronze berry color.
Genotypic data
The four 95-plex libraries yielded nearly 800 million useful bar-coded reads, which
corresponded to an average of approximately 2 million reads per individual. The SNP calling
pipeline yielded 4706 SNPs for BB x N and 4764 SNPs for S x N that were segregating in the
parents and the progenies of the mapping populations. After filtering for missing data, allele
frequency, and segregation distortion, the final data set that was used as input for mapping
included 1316 SNPs for BB x N and 2393 SNPs for S x N. Eleven of the 172 progeny in the BB
x N population and five of the 172 progeny in the S x N population were excluded from mapping
because they had more than 20% missing data.
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Genetic linkage maps
The 1316 SNP markers segregating in the BB x N mapping population and the two
muscadine flower sex markers VR006 and VR009 were placed in 20 LGs with between 18 and
104 markers per LG and 72 unlinked markers (Table 3). Of the 1244 markers in the final linkage
map, 441 were segregating only in the female parent (‘Black Beauty’, lm x ll), 425 were
segregating in only the male parent (‘Nesbitt’, nn x np), and 378 were segregating in both parents
(hk x hk). The total map length was 1634 cM, with an average marker density of one marker
every 1.3 cM. The S x N linkage map consisted of 2069 total markers, including 2067 SNP
markers and the two sex markers, VR006 and VR009. These 2069 markers were assigned to 20
LGs with between 17 and 175 markers each (Table 3). Of the 2393 SNP markers segregating in
the population, 326 were unlinked. The total map length of the S x N linkage map was 2099 cM,
with an average marker density of one marker every 1.01 cM. Eight hundred and forty-two of the
2069 mapped markers were segregating in only the female parent (‘Supreme’, lm x ll), while 612
were segregating in only the male parent (‘Nesbitt’, nn x np), and 615 were segregating in both
parents (hk x hk).
A consensus map consisting of 2346 markers in 20 LGs was constructed using data from
both the BB x N and S x N mapping populations (Table 3). Of the 2346 markers in the combined
map, 278 were only segregating in the BB x N population, 1102 were only segregating in the S x
N population, and 966 were segregating in both populations (Fig. 1). The LGs in the consensus
map contained between 27 and 189 markers each and ranged in length from 60.6 to 132.9 cM.
The total length of the consensus map was 2164 cM, with an average marker density of one
marker per 0.92 cM. Marker ordering across the three maps was consistent overall, indicating
that the map order was correct (Fig. 2). The 2346 mapped markers were not evenly distributed
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across LGs. There were comparatively few markers mapped to LG 8 compared to other LGs,
with only 18 markers (47.2 cM) in the BB x N map, 17 markers (53.3 cM) in the S x N map, and
27 markers (60.6 cM) in the consensus map (Table 3). Marker density was generally good across
the other LGs and particularly high on LGs 5, 13, and 14, which had 170, 189, and 187 total
markers, respectively, in the consensus map (Table 3).
Synteny with V. vinifera
The BB x N, S x N, and consensus maps were all strongly collinear with the V. vinifera
reference genome (Fig. 2). The higher chromosome number in muscadine relative to V. vinifera
was accounted for by the behavior of V. vinifera chromosome 7 as two independently
segregating LGs in muscadine (Fig. 2, Fig. 3). Linkage group 7 of V. rotundifolia corresponded
to the proximal portion of V. vinifera chromosome 7 (0-14.33 Mb), while LG 20 corresponded to
the distal portion of V. vinifera chromosome 7 (14.37-20.71 Mb) (Fig. 2, Fig. 3).
In the BB x N linkage map, LG 7 had 32 markers (41.1 cM) that aligned to physical
positions on V. vinifera chromosome 7 ranging from 0.16 to 4.92 Mb (Table 3), while LG 7 of
the S x N linkage map had 90 markers (101 cM) that aligned to 0.06 to 14.33 Mb on V. vinifera
chromosome 7 (Table 3). Linkage group 7 of the consensus map was composed of 93 markers
(101.88 cM) that aligned to physical positions ranging from 0.06 to 14.33 Mb on V. vinifera
chromosome 7 (Table 3, Fig. 3).
Linkage group 20 of the BB x N genetic map contained 39 markers (70.6 cM) which
aligned to physical positions on V. vinifera chromosome 7 ranging from 14.40 to 18.41 Mb
(Table 3), while LG 20 of the S x N genetic map was composed of 103 markers (91.28 cM) that
aligned to 14.37 to 20.71 Mb on V. vinifera chromosome 7 (Table 3). Linkage group 20 of the
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consensus map contained 107 markers and was 99.10 cM long (Table 3), with markers aligning
to physical positions on V. vinifera chromosome 7 ranging from 14.37 to 20.71 Mb (Fig. 3).
The only possible inversions between the V. vinifera physical map and the muscadine
consensus linkage map were on LG 9 and LG 12. On LG 9, 13 markers that aligned to proximal
(0.38-2.95 Mb) positions on V. vinifera chromosome 9 mapped to a distal region from 73.71 to
112.72 cM on the consensus map and were flanked by other markers which mapped to more
distal segments (7.27-21.7 Mb) of the V. vinifera chromosome 9 physical map (Fig. 2). All the
potentially inverted markers were segregating in only the female parent (‘Black Beauty’ or
‘Supreme’, lm x ll) and were flanked by markers segregating in the male parent (‘Nesbitt’, nn x
np) that were collinear with the V. vinifera physical map. Of the 75 markers that mapped to the
region from 73.7 to 129.28 cM, only six were segregating in both parents (hk x hk) and none
were shared by both the BB x N and S x N mapping populations. Therefore, it is likely that the
observed inversion in marker order (Fig. 2) is an artifact of the lack of anchoring markers in the
distal region of LG 9 rather than a true inversion between the V. vinifera and V. rotundifolia
genomes.
On LG 12 of the consensus map, 31 markers from 13.29 to 75.07 cM were inverted relative
to their physical positions on the V. vinifera genetic linkage map. The inverted markers were all
segregating in both parents of the BB x N map (hk x hk). Only two of the 31 inverted markers
were also segregating in the S x N population. Linkage group 12 was collinear with the V.
vinifera chromosome 12 physical map in both the S x N and BB x N populations. Therefore, the
inversion in marker order on LG 12 in the consensus map is also likely an artifact of poor map
integration due to a lack of anchoring markers from both populations rather than a true inversion
between the V. vinifera and V. rotundifolia genomes.
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Flower sex locus
The flower sex locus was placed on LG 2 in the BB x N, S x N, and consensus linkage
maps (Fig. 4). The flower sex locus mapped to 41.76 cM on LG 2 of the consensus map (Fig. 4).
The closest proximal and distal flanking markers segregating in the male parent (nn x np) that
mapped to unique positions on V. vinifera chromosome 2 were S2_4635912 at 36.186 cM and
S2_5085983 at 42.87 cM, indicating that the sex locus was located between 4.64 and 5.09 Mb on
the V. vinifera physical map. The flower sex locus was predicted to fall in the same physical
interval on V. vinifera chromosome 2 based on the BB x N genetic map and in a larger
overlapping interval (2.78-8.35 Mb) based on the S x N linkage map.
The diagnostic V. rotundifolia sex markers VR006 and VR009 co-segregated completely
with flower sex in the BB x N population and correctly predicted the phenotype of 151 of the
152 progeny vines in the S x N population that were phenotyped for sex. The one vine in the S x
N population that was predicted to be female based on VR006 and VR009 but scored as perfectflowered during the 2011 and 2012 growing seasons was in very poor health and failed to flower
in 2017 or 2018. Therefore, flower sex of this vine could not be validated and it is possible that
the recorded phenotype is incorrect. Of the 23 progeny vines that were not phenotyped for flower
sex in the BB x N population, 17 were predicted to be female, three were predicted to be perfectflowered, and three had died and could not be genotyped with VR006 and VR009 diagnostic
primers. Likewise, the VR006 and VR009 sex markers were used to genotype 17 of the 21 S x N
progeny vines that could not be phenotyped for flower sex during the 2011 and 2012 growing
seasons. Fourteen of those 17 S x N progeny vines were predicted to be female, while only three
were predicted to be perfect flowered. The predicted sexes of the BB x N progeny vines based on
VR006 and VR009 marker scores fit the expected 1:1 segregation ratio (P = 0.31). However, the
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S x N progeny still were predicted to contain an excess of perfect flowered progeny compared to
the expected 1:1 ratio based on VR006 and VR009 marker scores (P = 0.004).
Berry color locus
The V. rotundifolia berry color locus mapped to LG 4 in the BB x N, S x N, and
consensus genetic maps (Fig. 5). The berry color locus was placed at 68.18 cM on LG 4 of the
consensus map (Fig. 5) and was flanked by markers S4_11088932 and S4_11877355 which were
both heterozygous in all three parents and segregating in both populations (hk x hk). Therefore,
the location of the muscadine berry color locus was predicted to fall between 11.09 and 11.88
Mb on chromosome 4 of V. vinifera. The berry color locus was predicted to fall in the same
physical interval on V. vinifera chromosome 4 based on the BB x N genetic map and in a larger
overlapping interval (11.09-13.96 Mb) based on the S x N linkage map.
Discussion
We have presented new muscadine linkage maps with more than seven times the marker
saturation of previously published SSR-based maps. Our consensus map, generated from two
populations (BB x N and S x N) with the same male parent, consists of 2346 SNP markers
distributed across 20 LGs. Previous muscadine linkage maps contained 314 markers mapped to
19 LGs (Riaz et al. 2012) and 178 markers mapped to 20 LGs (Blanc et al. 2012). Only 1244
markers were mapped in the BB x N population, while the S x N linkage map was composed of
2069 markers. A similar number of segregating SNPs were discovered in both populations (4706
for BB x N and 4764 for S x N). Thus, the difference in marker density between the two
populations can be attributed to a greater amount of missing data and more discarded SNPs in the
BB x N population.
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The extra chromosome in muscadine (2n = 40) compared to Euvitis grapes (2n =38) was
accounted for by the behavior of V. vinifera chromosome 7 as two independently segregating
linkage groups. Linkage group 7 corresponded to the proximal 14.33 Mb of the physical map of
V. vinifera, while LG 20 corresponded to the distal portion of chromosome 7 (14.37 – 20.71
Mb). Blanc et al. (2012) also found that chromosome 7 of V. vinifera behaved as two LGs in
muscadine. VMC9a3.1, the most distal marker on LG 7, and VMC8d11, the most proximal
marker on LG 20, were separated by 18.9 cM on the reference map of V. vinifera (Doligez et al.
2006; Blanc et al. 2012). Our results provide further support for the hypothesis that V. vinifera
chromosome 7 is split into two chromosomes in muscadine and place the precise location of the
division in a 40-kb region between 14.33 and 14.37 Mp.
It is unclear whether 2n = 40 or 2n = 38 is the ancestral state in Vitis. Like most flowering
plants, Vitis species are ancient hexaploids derived from three identical or closely related
subgenomes (Jaillon et al. 2007b). V. vinifera has not undergone recent polyploidy events and
has experienced fewer rearrangements and chromosome fusions than other sequenced
dicotyledonous plants, so it is by far the closest in arrangement to the ancestral rosid genome.
Jaillon et al. (Jaillon et al. 2007b) found that most Vitis gene regions have two different
paralogous regions on other chromosomes and that the proximal and distal portions of
chromosome 7 corresponded to different chromosomes of the diploid eudicot ancestor genome.
The proximal portion of chromosome 7 has syntenic regions on chromosome 5 and the proximal
region of chromosome 14, while the distal portion of chromosome 7 has paralogous regions on
chromosomes 3, 18, and the distal portion of chromosome 4. Zheng et al. (Zheng et al. 2013)
reconstructed the ancestral rosid and eurosid genomes based on shared fusions of syntenic
triplicate regions in V. vinifera, cacao (Theobroma cacao L.), and peach (Prunus persica (L.)
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Batsch). They suggested that because regions syntenic with both the proximal and distal portions
of V. vinifera chromosome 7 are present on chromosome 1 of cacao along with regions from two
other eudicot ancestral chromosomes (Argout et al. 2011), these segments must have been fused
in the common ancestor of grapevine and cacao. This would indicate that 2n = 38 is the ancestral
state in Vitis and that chromosomes 7 and 20 of muscadine were the result of a fission event
during the divergence of the Euvitis and Muscadinia subgenera. However, Ampelocissus,
Ampelopsis, and Parthenocissus, the Vitaceae genera most closely related to Vitis, are all 2n =
40, while only subgenus Euvitis is 2n = 38 (Karkamkar, Patil, and Misra 2010). Vitis is
monophyletic and nested within Ampelocissus (Liu et al. 2016; Zecca et al. 2012; Wan et al.
2013; Wen et al. 2007). Thus, it seems likely that 2n = 40 is the ancestral state and that
chromosome 7 of V. vinifera resulted from a fusion of chromosomes 7 and 20 in the common
Vitis ancestor during divergence of the two subgenera. Fluorescent in situ hybridization (FISH)
studies with chromosome 7 and 20 specific probes in Euvitis and Muscadinia grapes as well as
Ampelocissus, Ampelopsis, and Parthenocissus, could indicate whether these two chromosomes
are fused or separate in other closely related Vitaceae genera. Investigations of possible vestigial
centromere and pericentromeric sequences and telomeric repeats on V. vinifera chromosome 7
could also provide additional insight on whether the common ancestor of the two Vitis subgenera
was 2n = 38 or 2n = 40.
Aside from the difference in chromosome number between muscadine and V. vinifera,
the two genomes were highly collinear with a significant amount of global macrosynteny. The
only possible inversions between the V. vinifera physical map and the muscadine consensus
linkage map were on LG 9 and LG 12, and these were likely artifacts of poor map integration
due to a lack of anchoring markers from both populations rather than true inversions. Patel and
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Olmo (Patel and Olmo 1955b) reported that at least 13 of the 19 V. vinifera chromosomes have
sufficient homology to pair with the corresponding V. rotundifolia chromosome in meiosis in F1
hybrids. They claimed that the sterility of V. vinifera x V. rotundifolia hybrids was likely due to:
(1) the different chromosome number in V. vinifera and V. rotundifolia and (2) structural
dissimilarities like inversions and translocations between Muscadinia and Euvitis genomes. The
high degree of synteny between the muscadine genetic maps developed in this study and the V.
vinifera physical map suggests that the primary barrier to fertility in Euvitis x Muscadinia
hybrids is likely the difference in chromosome number rather than other major structural
dissimilarities.
Flower Sex Locus
The muscadine sex locus mapped to a genetic interval corresponding to 4.64 to 5.09 Mb
on chromosome 2 on the physical map of the V. vinifera reference genome (PN40024 12X.0
version). This interval contains the 143 kb genomic region, from 4.91 to 5.04 Mb on
chromosome 2 that has previously been associated with sex inheritance in Euvitis grapes
(Fechter et al. 2012). The muscadine flower sex markers VR006 and VR009 developed from
polymorphisms within amplicons from candidate genes within this 143 kb interval (Conner et al.
2017; Picq et al. 2014) were also predictive for female sex in all but one of the progeny vines
evaluated in the two populations. The diagnostic capacity of VR006 and VR009 sex markers and
the co-localization of the sex locus in muscadine grapes with the previously described Euvitis sex
locus provide further evidence for the role of genes within the region 4.91 to 5.04 Mb on
chromosome 2 in sex determination in Vitis.
While the BB x N mapping population fit the expected 1:1 ratio of female and perfectflowered the progeny, an excess of perfect-flowered progeny were found in the S x N population.
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One possible factor contributing to the observed distortion is the tendency for the calyptra to
stick on female muscadine flowers. The erect stamens on perfect-flowered genotypes tend to
push the calyptra off, while the calyptra can sometimes remain on female vines with recurved
filaments. This phenomenon can make it difficult to sex female muscadine seedlings. Fourteen of
the 17 S x N vines that could not be phenotyped during 2011 and 2012 were predicted to be
female based on VR006 and VR009 marker scores. However, the S x N population still had an
excess of perfect-flowered progeny based on VR006 and VR009 markers alone. These marker
predictions should not be affected by sticky calyptras that can interfere with phenotyping.
Another possible explanation for the observed segregation distortion could be a deleterious or
lethal recessive allele linked in coupling with the female allele on chromosome 2 in ‘Supreme’
and ‘Nesbitt’. The female parent of ‘Supreme’ is ‘Black Fry’, a full-sib of ‘Nesbitt’. It is possible
both ‘Supreme’ and ‘Nesbitt’ are carriers of a deleterious recessive allele inherited from ‘Fry’ or
‘Cowart’.
Despite the amount of research conducted on sex determination in Euvitis grapes and the
small genetic region implicated in sex inheritance on chromosome 2, the specific genes involved
in sexual dimorphism are still not completely understood. VviFSEX (VIT_202s0154g00200) has
been posited as a possible candidate gene for male sterility (Zhou et al. 2017; Coito et al. 2017).
VviAPRT3, an adenine phosphoribosyltransferase gene, is highly expressed in the third and
fourth whorls of flowers in male plants and may play a role in the arrest of carpel development
(Coito et al. 2017). Zhou et al. (2017) investigated regions associated with selective sweeps
during grape domestication and identified a second region of divergence between wild and
cultivated samples on chromosome 2 from 5.2 to 5.3 Mb that they predict contains a dominant
female sterility factor. Four of the 32 genes in this region were differentially expressed among
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sexes, but none had been annotated with a clear role in sex specification (Zhou et al. 2017;
Ramos et al. 2017). Further investigations of sex inheritance in muscadine grapes may yield
useful insights into the genetics of sexual dimorphism in grapes. H1 hermaphroditic vines
produce hermaphroditic and female progeny at a three-to-one ratio when self-pollinated, but selfpollinated vines derived from the H2 source of hermaphroditism produce hermaphroditic,
female, and male offspring at a nine-to-three-to-four ratio (Loomis, Williams, and Murphy 1954;
Conner et al. 2017). The placement of the muscadine sex locus between 4.64 and 5.09 Mb in the
BB x N and S x N populations indicates that the male sterility gene is located in this interval.
However, the presence of male offspring in populations developed by self-pollinating H2
hermaphrodites suggests that a second unlinked gene with a function related to sex determination
may be interacting with the primary sex locus on chromosome 2 in muscadine grapes. Linkage
mapping in H2 self-pollinated populations and gene expression studies in female, male, and H1
and H2 hermaphrodite muscadine cultivars would both provide insight into the genetics of sex
determinism in Vitis.
Berry Color Locus
In V. vinifera a well-documented cluster of MYB transcription factors located on
chromosome 2 controls quantitative variation in berry color and anthocyanin content in the skin
(Kobayashi, Goto-Yamamoto, and Hirochika 2004; Myles et al. 2011; Fournier-Level et al.
2009; This, Lacombe, and Owens 2007). Interestingly, the berry color locus in muscadine grape
did not map to the same region as the V. vinifera berry color locus but was instead placed in a
region spanning 11.1 to 11.9 Mb on chromosome 4. The existence of two independently
segregating mutations controlling berry color in muscadine and V. vinifera is supported by a
1964 study describing a cross between a BC1 muscadine x V. vinifera hybrid with V. vinifera as
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the recurrent parent (DRX-55) and a perfect-flowered muscadine pollen parent (GA 14-20)
(Dunstan 1964). Although the female parent had light-colored fruit and the male parent had
bronze to rosy-colored fruit, all of the progeny resulting from the cross had dark reddish purple
to black-colored fruit. This is the only documented instance of two light-colored parents
producing dark-fruited offspring in Vitis and suggests that a mutation in a different gene in the
anthocyanin biosynthesis pathway differentiates between black and bronze berry color in
muscadine. Investigation of genes associated with anthocyanin biosynthesis and sequestration
within the 790-kb muscadine berry color locus is warranted to identify potential candidate genes.
Conclusions
We have presented densely saturated muscadine linkage maps for two muscadine
populations, BB x N and S x N, with 1244 markers and 2069 markers on 20 LGs, respectively, as
well as a consensus map with 2346 markers mapped on 20 LGs. The muscadine and V. vinifera
genomes were highly collinear, with the difference in chromosome number between the Euvitis
and Muscadinia subgenomes explained by the behavior of V. vinifera chromosome 7 as two
independently segregating chromosomes in muscadine. The placement of the muscadine flower
sex locus in a genetic interval corresponding to 4.64-5.09 Mb on chromosome 2 on the physical
map of the V. vinifera reference genome provides further support for a male sterility gene in this
region. The location of the berry color locus on chromosome 4 suggests that the cluster of MYB
transcription factor genes on chromosome 2 is not the major determinant of berry color in
muscadine grapes. The populations and genetic maps presented here will serve as a useful tool for
further investigations such as QTL mapping for traits related to productivity, stress and disease
resistance, and fruit quality in muscadine. These dense linkage maps lay the groundwork for
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marker-assisted breeding in muscadine and provide insight on the evolution of Vitis species as well
as the genetics of sex determinism and anthocyanin content.
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Appendix

Fig 1. Consensus linkage map of muscadine grape created from ‘Black Beauty’ × ‘Nesbitt’
(BB × N) and ‘Supreme’ × ‘Nesbitt’ (S × N) F1 populations. Markers segregating in BB × N,
S × N, and both populations are colored blue, red, and black, respectively. Marker positions are
expressed in centimorgans
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Fig 2. Alignment of the markers mapped to the ‘Black Beauty’ × ‘Nesbitt’ (BB × N),
‘Supreme’ × ‘Nesbitt’ (S × N), and consensus V. rotundifolia genetic linkage maps with physical
positions on the PN40024 V. vinifera reference genome. Markers mapped to the BB × N, S × N,
and consensus maps are represented by orange circles, blue squares, and green triangles,
respectively. *V. rotundifolia linkage group 20 is collinear with V. vinifera chromosome 7
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Fig 3. Collinearity between the physical map of V. vinifera chromosome 7 and V.
rotundifolia consensus map linkage groups 7 and 20. Markers segregating in ‘Black
Beauty’ × ‘Nesbitt,’ ‘Supreme’ × ‘Nesbitt,’ and both populations are colored blue, red, and
black, respectively. Marker positions are expressed in centimorgans, and each unit on the
physical map represents 2.5 × 105 bp
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Fig 4. Genetic position of the flower sex locus on linkage group 2 of the V.
rotundifolia consensus map. Markers segregating in ‘Black Beauty’ × ‘Nesbitt,’
‘Supreme’ × ‘Nesbitt,’ and both populations are colored blue, red, and black, respectively. The
VR006 and VR009 muscadine sex markers developed by Conner et al. (2017) and the sex locus
are colored green. Marker positions are expressed in centimorgans
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Fig 5. Genetic position of the berry color locus on linkage group 4 of the V.
rotundifolia consensus map. Markers segregating in ‘Black Beauty’ × ‘Nesbitt,’
‘Supreme’ × ‘Nesbitt,’ and both populations are colored blue, red, and black, respectively. The
berry color locus is indicated in pink. Marker positions are expressed in centimorgans
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Table 1 Flower sex in ‘Black Beauty’ x ‘Nesbitt’ (BB x N) and ‘Supreme’ x ‘Nesbitt’ (S x N) F1
mapping populations.

Flower type
Perfect
Female
Unknown
Total
χ2 (1:1)
P value

Number of Progeny
Black Beauty x Nesbitt
Supreme x Nesbitt
85
107
64
44
23
21
172
172
2.96
0.09

26.29
<0.01

Table 2 Berry color in ‘Black Beauty’ x ‘Nesbitt’ (BB x N) and ‘Supreme’ x ‘Nesbitt’ (S x N) F1
mapping populations.

Flower type
Black
Bronze
Unknown
Total
χ2 (3:1)
P value

Number of Progeny
Black Beauty x Nesbitt
Supreme x Nesbitt
116
136
41
36
15
0
172
172
0.10
0.75

1.52
0.22

101
Table 3 Genetic linkage maps of the ‘Black Beauty’ x ‘Nesbitt’ and ‘Supreme’ x ‘Nesbitt’ F1
mapping populations and the consensus map created from both populations.
‘Black Beauty’ x ‘Nesbitt’
Linkage
group
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
Total

No. of
markers
59
68
49
103
104
64
32
18
72
37
80
67
103
98
56
44
72
35
44
39
1244

Length
(cM)
62.6
79.9
83.7
95.3
97.2
77.3
41.1
47.2
85.3
91.3
88.0
136.0
89.6
99.8
85.1
69.8
88.2
78.2
67.2
70.6
1633.6

‘Supreme’ x ‘Nesbitt’
No. of
markers
105
73
110
103
148
124
90
17
99
101
131
46
175
166
116
61
100
91
110
103
2069

Length
(cM)
87.6
104.6
107.6
108.6
125.8
105.3
101.0
53.3
130.5
133.9
109.1
108.6
119.8
128.8
116.9
78.1
92.9
114.1
80.8
91.3
2098.5

Consensus
No. of
markers
109
107
117
149
170
130
93
27
125
103
137
86
189
187
118
72
114
92
114
107
2346

Length
(cM)
88.3
106.3
116.4
115.8
123.5
105.5
101.9
60.6
129.3
132.9
111.3
122.8
123.2
128.4
116.4
84.3
102.5
116.1
79.0
99.1
2163.7

102

Supplementary Fig 1. Pedigrees of ‘Black Beauty,’ ‘Supreme,’ and ‘Nesbitt’ based on breeders’
records as documented in Clark (1997), Conner (2013), and Goldy and Nesbitt (1985). Lines
connecting female and male parents to offspring are colored red and blue, respectively. Bronzeand black-fruited cultivars and breeding selections are colored yellow and purple, respectively.
Breeding selections with unknown berry color are indicated in white.
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CHAPTER 4: COLORIMETRY
Assessment of a Small, Inexpensive, LED-based Color Sensor - the Nix Pro Color Sensor™
- for Horticultural Applications
Additional index words. Fruit color, Konica Minolta CR-400, RHS Colour Chart, CIELAB, 1976
CIEL*a*b*
The authors thank Bill Belovicz for assistance with statistical analysis, Brandon Hoult for the 3D
rendering images, and Renee Threlfall for access to the Konica Minolta CR-400 colorimeter.
Abstract
Precise color identification is critical in many scientific fields, and horticulture is no exception.
Plant breeders must be able to effectively discern colors among plant parts and provide accurate
descriptions when applying for legal protections. The RHS Colour Chart is currently recognized
as the most universally accepted method of assigning color descriptions in horticulture. This
method relies on the manual matching of plant parts using more than 900 labeled standardized
color chips. Color perception in humans is complicated by many factors, including the type and
quantity of illumination available as well as the individual’s own physiological abilities and
limitations. Scientific colorimeters have been developed to serve as an objective way to study
color, and many hypothetical color space models have been created to enable this field of study.
The CIE 1976 L*a*b* (CIELAB) color space is widely recognized as a scientific standard for
color matching studies and was used in this research. Traditional colorimeters are bulky and
expensive lab equipment, but a new, portable, inexpensive LED-based color scanner called the
Nix Pro Color Sensor has recently become available. Multiple studies were conducted comparing
the Nix Pro with the Konica Minolta CR-400 colorimeter and the RHS Colour Chart paint chip
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system. The results indicate that the Nix Pro could be a very useful tool for horticulturists and
plant breeders by providing an inexpensive and consistent color matching device.
Introduction
Color perception in humans is a complicated subject. Sir Isaac Newton pioneered the
fields of light and optics in the 1700s (Westfall and Devons, 1981). Thomas Young, who was a
student of Newton’s work, first proposed in 1802 that humans rely on three different types of
color receptors (McCann, 1973). Years later, James Clerk Maxwell published evidence
supporting Young’s three-receptor hypothesis, and, among his other noteworthy
accomplishments, Maxwell also wrote the first colorimetry and color-matching equations
(McCann, 1998). Today, the three types of human color photoreceptors are known as cones, and
they are located in the innermost layer of the eye. One type of receptor responds to long-wave
light (red); one responds to medium-wave light (green); and another one responds to short-wave
light (blue).
It is now widely accepted that color perception is the result of trichromatic stimulation, or
tristimulus, of these cones in the presence of adequate illumination (Stockman, 2003). In other
words, the ability to perceive a singular color is actually the result of the stimulation of three
distinct receptors. Color perception becomes even more complicated when considering the
amount and type of illumination available, as well as individuals who have one or more
dysfunctional cone receptor(s).
The need for a simplified and objective way to study color was addressed in 1931 when
an international group of scientists met at Trinity College in Cambridge during the International
Commission on Illumination (Commission Internationale de l´Eclairage: CIE). They proposed
the concept of using a standardized light source and a hypothetical standardized human observer
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in order to provide an objective way to conduct scientific color investigations. The conference
resolutions became known as the 1931 CIE System of Colorimetry and the CIE 1931 Standard
Observer (or reference observer) (Schanda, 2007).
The CIE System of Colorimetry can be described as a three-dimensional, normalized
visibility curve (Schanda, 2007). The model is created from plotting CIE tristimulus values in
rectangular coordinates created from non-linear functions of X, Y, and Z (ISO/CIE 116644:2008 n.d.). The model is not visually uniform and the equal distances in these spaces do not
represent equally perceptible differences between colors by the human eye. For this reason, an
updated model, CIEL*a*b* (CIELAB), was introduced in 1976. The CIELAB model is more
uniform in appearance and the three axes are represented by L, a, and b. The L axis represents
the “Lightness” value, where 100 represents pure white and 0 represents solid black. The “a”
axis changes from red to green, where positive values are more red and negative values are more
green. The third axis is the “b” axis, and it graduates from blue to yellow. A positive b value
indicates the item is more blue, and a negative b value indicates it is more yellow (Fig. 1). The
Standard Observer (hypothetical human observer) was published as standardized tables using the
three categories of R (red), G (green), and B (blue) numerical values which are matched to
specific wavelengths. In other words, each wavelength value (λ), measured in nanometers, has
three corresponding R, G, and B values that a typical “standard” person would perceive
(Supplemental Table 1). The R, G, and B values are also known as trichromatic coefficients, or
coordinates in the color triangle (Schanda, 2007). The usefulness of the CIE color space and the
standard observer concept is the relative ease of ability to perform calculations between colors.
There have been many recommendations and updates published since the original CIE
model was released in 1931, including the 1976 changes used in this study. There are also many
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other color space models available. Nonetheless, CIE remains a widely recognized standard that
has withstood many years of testing and scrutiny (Fairchild, 1998; Stevenson et al., 1991).
Precise color identification is critical in the sciences. The creation of reference color
chips for manual color assignment has been done many times. More than 20 years ago, a survey
was conducted (Tucker et al., 1991) where 40 different color reference charts were identified for
scientific use in biology, including the field of horticulture. Precise color identification is often
necessary when making breeding decisions and when applying for legal protection of new plant
cultivars. The Royal Horticultural Society (RHS) created their own paint chip system – the RHS
Colour Chart - that has become the worldwide standard for assigning specific colors to plant
parts (Gonnet, 1995). The Colour Chart currently consists of four fans with color chips arranged
in a gradient of colors. The latest version of the RHS Colour Chart, the Sixth Edition, was
released in 2015 and features 920 unique color chips. This method of manual color-matching,
although still widely accepted, is inherently subjective since people do not perceive colors with
the same ability
Colorimeters have been used for years for conducting scientific color measurements. Two
options include the Konica Minolta CR-400 colorimeter which has been commonly used in fruit
measurements, and a newer and less expensive, LED-based color scanner product known as the
Nix Pro which has an additional advantage of being portable. There are several notable
differences between the Nix Pro and the CR-400. The Nix Pro scanner is small and portable, and
weighs 44.2 grams. The CR-400 is considerably larger, and the hand-held scanner weighs
255.2 g (Fig. 3). Both color scanners rely on an internal illumination source. The Nix Pro uses an
LED light as the source of illumination, and it relies on a 45/0 geometry, referring to the LED
light source being located at a 45 ° from the scanning surface, and the actual sensor is located at
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0 degrees, or straight above the scanning surface. The CR-400 uses a xenon bulb for illumination
and relies on 0/D geometry in which the xenon light source is located at 0 degrees from the
scanning surface, and the sensor is located at an undisclosed angle (Fig. 4). The current cost of
the Nix Pro is approximately $350 for the scanner, and the software is downloaded at no extra
cost. The CR-400 may range in price, but current lowest estimates are approximately $7,000.
Both color scanners are capable of storing color data, but the Nix Pro has a unique color
matching capability that is not a built-in feature of the CR-400. The Nix Pro comes calibrated
from the factory, and it cannot be calibrated by the end-user. The CR-400 can and should be
calibrated by the end-user on a regular basis (Table 1). Although the Nix Pro Color Sensor and
the Konica Minolta CR-400 are very different color sensor platforms, their color sensor functions
can be compared since they both report color values using the CIELAB color space (Shaw and
Fairchild, 2002). Color differences between these two platforms can be easily calculated using
the Euclidean color difference equation ΔE (pronounced “delta e”) = [(L1 - L2)2 + (a1 - a2)2 + (b1
- b2)2]^0.5 (Kasson and Plouffe, 1992).
A major objective of this study was to compare a new, LED-based color scanner called
the Nix Pro with the commonly used Konica Minolta CR-400 colorimeter. A related objective
was to assess reliability (internal consistency) of the Nix Pro. Another objective of this study was
to evaluate the unique color-matching function of the Nix Pro Color Sensor. This was
accomplished by integrating the RHS Color Chart with the Nix Pro and then comparing the Nix
Pro color assignment using the stored values for the RHS Colour Chart values to the RHS Colour
Chart colors manually assigned by a group of volunteer students. These objectives were designed
to assess the scientific value of the Nix Pro with respect to horticultural applications.
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Materials and methods
Five studies were conducted and two, three-dimensional (3D) animation renderings were
designed to determine whether the Nix Pro performs in a similar manner to the Konica Minolta
CR-400. The first study was a basic comparison of the two color sensors on a variety of multicolored fruits and vegetables. The second study was done using selected chips from the RHS
Colour Chart. Study 3 was designed to evaluate the unique color-matching function using the
Nix Pro’s built-in stored color library. The fourth and fifth studies were conducted to determine
the relationship between calculated color difference (ΔE) values and human eye perception of
these color differences, using items with extreme color differences and items with subtle color
differences, respectively. Two 3D animations were also created to help the reader visualize the
conceptual CIELAB color space as well as the three-dimensional coordinates assigned by the
Nix Pro and the CR-400.
Study 1, Comparison of the Nix Pro versus CR-400 on multiple fruits and vegetables
Five different colored fruits and vegetables with different surface textures were chosen
and marked for scanning. A ~2 cm circle was drawn with a permanent marker to ensure the same
area was scanned with each instrument. The items scanned included a red chili pepper, a green
apple, a yellow lemon, a blue blueberry, a brown kiwi with surface fuzz left intact, and a peach
with both pale and blush-colored areas. The Nix Pro scanner and the CR-400 were each held
firmly against the surface of the fruit/vegetable with their respective aperture centered in the
middle of the hand-drawn circle (Fig.5).
Twenty repeated scans were made without removing the measuring unit from the item
measured with each device at the same location on the individual items, and data were recorded
in CIELAB values (Supplemental Table 2). The mean, maximum value, minimum value, and
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standard deviation from these measurements were calculated for each device on each scanned
area, and for each CIELAB category to test for internal consistency within each device. Color
differences between the Nix Pro and CR-400 data were calculated using the standard color
difference formula, ΔE. (Tables 2-8).
Study 2, Comparison of the Nix Pro versus CR-400 using the RHS Color Chart chips
Ten paint chips featuring a wide diversity of colors were selected from the RHS Colour
Chart and were scanned five times repeatedly (without removing the measuring device from the
chip) with the Nix Pro and then the same procedure used with the CR-400. The surfaces of the
RHS Colour Chart are flat with no special surface textures. Data were recorded using the
CIELAB values. Means and standard deviations were calculated for the devices for each color
chip and for each CIELAB category. Color differences between the Nix Pro and the CR-400
values were calculated using the standard color difference formula, ΔE (Table 9).
Study 3, Manual color matching using the RHS Colour Chart and human volunteers versus color
matching with the Nix Pro’s built-in library feature
Each of the 920 color chips in the Sixth Edition (2015) RHS Color Chart was scanned
and uploaded to the Nix Pro’s color library, which is a required step when using the colormatching feature of the Nix Pro. Eight horticultural items (Table 10), including red and fuschia
geranium flowers, a dark purple Dianthus flower, an iridescent blue delphinium flower, an
orange fruit, a green lime, a yellow lemon, and a brown pear were placed on a laboratory surface.
Thirty-five student volunteers took turns manually matching each item with a specific color from
the RHS Colour Chart. The students recorded the particular paint chip they chose for each item,
and all results were counted and compared.
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Study 4, A visual comparison of horticultural items with major color differences, or large delta
E (ΔE) scores, using the Nix Pro versus a human observer.
A ‘Redhaven’peach and a ‘Gold Rush’ zucchini squash (Cucurbita pepo) were selected
for having striking color differences on the same fruit and vegetable in order to compare color
differences perceived by the human eye and the Nix Pro. The peach featured a yellow-colored
region clearly distinguishable from the red blush region, while the ‘Gold’ Rush zucchini squash
had a prominent green region adjacent to a delineated yellow region. A ~2 cm circle was drawn
on the different colored regions on each item (Figs. 6 and 7). The Nix Pro color scanner was
placed in the center of each hand-drawn circle and each region was scanned one time, and color
differences were calculated using the ΔE formula.
Study 5, A visual comparison of horticultural items with minor color differences, or small delta E
(ΔE) scores, using the Nix Pro versus a human observer
Next, pairs of paint chips located in sequence in the RHS Colour Chart were selected and
scanned one time each with the Nix Pro scanner. The chips were selected in sequence because
they feature a very slight, or minor, color difference. Color data were recorded using CIELAB
values. The first author of this paper determined whether or not there was an obvious visual
difference between each set of consecutive color chips in the Colour Chart, and then color
difference was calculated using the color difference (ΔE) formula on the Nix Pro data.
The overall mean (average) for all ΔE values was also calculated for all studies
comparing the Nix Pro with the Konica Minolta CR-400.
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Visual demonstration of 3D renderings of selected data points
The software program Blender was used to construct a 3D animation of the CIELAB
color space model. The L, a, and b axes were constructed and labeled in the Blender program.
Data were plotted from measurements taken on the same lemon using the Nix Pro and the
Konica Minolta CR-400, and on the same blueberry using both sensors because both data sets
had a similar ΔE value (~9). A second animation was also constructed showing the plotted data
from the Nix Pro and the Konica Minolta CR-400 on one of the RHS Colour Chips, N109-A
Vivid Blue because it had the largest ΔE value out of all the studies conducted.
Results
Study 1, Comparison of the Nix Pro versus CR-400 on multiple fruits and vegetables
Statistical analyses were performed on CIELAB values from the Nix Pro and the CR-400
in Study 1 (Table 2 – 8). The standard deviations calculated within the individual L, a, and b
categories for the CR-400 ranged from 0.01 to 2.18. For the Nix Pro, the standard deviations for
each L, a, and b categories ranged from 0 to 0.29.
Color difference, ΔE, was calculated between the CR-400 and the Nix Pro results using
the mean values for each sensor. The largest difference, ΔE = 10.60, was shown on the yellow
part of a peach. The smallest difference, ΔE = 4.17, was calculated on the brown kiwi fruit.
Study 2, Comparison of the Nix Pro versus CR-400 using the RHS Color Chart chips
CIELAB values were recorded from scans with the Nix Pro and then the CR-400 on
specific RHS Colour Chart chips (Table 9). The largest ΔE calculated was 18.9 for the N109-A
Vivid Blue color chip. The smallest ΔE value calculated was 2.71 for the Violet Group 83 Deep
Purple B color chip (Table 9).
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Study 3, Manual color matching using the RHS Colour Chart and human volunteers versus color
matching with the Nix Pro’s built-in library feature
The results of the students using the RHS Colour Chart to match the closest color with
eight different horticultural items compared to the Nix Pro had significant implications. The item
with the largest number of different RHS Colour Chart assignments performed by the students
was the purple Dianthus flower with 20 different color chips reported, while the item with the
smallest number of unique RHS Colour Chart assignments was the orange with nine different
color chips reported. (Fig. 9).
Study 4, A visual comparison of horticultural items with major color differences, or large delta E
(ΔE) scores, using the Nix Pro versus a human observer.
The results showed the color difference (ΔE) values between the two different colored
areas for each specimen were significant. The blush area on the peach was calculated to have a
color difference of ΔE = 49.66 when compared to the yellow area of the same peach. The green
region of the Gold Rush zucchini squash had a color difference score of ΔE = 49.70 when
compared to the yellow region of the same specimen (Table 11). These ΔE values represent
extremely large color differences which varied so greatly that the difference was clearly
detectable on both color and black and white images of the same item.
Study 5, A visual comparison of horticultural items with minor color differences, or small delta E
(ΔE) scores, using the Nix Pro versus a human observer.
Pairs of paint chips found in succession in the RHS Colour Chart were selected (Fig. 8)
and it was recorded whether or not a human observer (the first author of this paper) could easily
detect a visual difference between the two color chips. The results indicated that ΔE values near
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1 or 2 were very difficult to detect a color difference using only one’s eyesight, but ΔE values
above 5 were easily discernable.
In all studies conducted, the L values ranged from a minimum of 22.25 to a maximum of
88.79 for the Konica Minolta CR-400, and they ranged from a minimum of 15.25 to a maximum
of 88.62 for the Nix Pro. Reporting the range of values for the “a” and “b” axis would not be
useful since negative values and positive values represent different colors on each axis.
The overall ΔE mean (average) from all studies comparing the Nix Pro outputs with the
Konica Minolta CR-400 data was calculated to be ΔE = 9.06.
Visual demonstration of 3D renderings of selected data points
In this video, https://www.youtube.com/watch?v=GmEOq3hIF2c, the Nix Pro and
Konica Minolta CR-400 lemon and blueberry data were plotted using the 3D software program
Blender because they had similar ΔE values of 9.35 and 9.82, respectively. The 3D rendering
(Fig. 10) shows a visual representation of the Nix Pro data compared with the CR-400 data.
In a second video, https://www.youtube.com/watch?v=9VJLIaUSdik, the CIELAB
values measured using the Nix Pro and the CR-400 on RHS Colour Chart chip “Vivid Blue
109A” resulted in a color difference ΔE value of 18.9, which was the largest color difference
calculated in all studies. A screenshot of video 2 (Fig. 11) shows the relationship of the Nix Pro
and the CR-400 values.
Discussion
The results from Study 1 indicated that both the Konica Minolta CR-400 and the Nix Pro
Color Sensor had highly consistent results (consistent within each device). Although 20 repeated
measurements were taken with each instrument, the small standard deviations indicated it is not
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necessary to do so many repeated measurements with either sensor. In most cases, the Nix Pro
Color Sensor detected a higher value on the (green/red) axis when compared with the Konica
Minolta CR-400.
Color differences (ΔE) calculated between the CR-400 and the Nix Pro had the lowest
value, or smallest difference, on the brown kiwi. The largest difference between the two
instruments was ΔE=9.82 for the blueberry, with ΔE=9.35 for the yellow lemon as a close,
second-largest calculated difference
For Study 2 the standard deviations calculated for each L, a, and b category individually
ranged from 0 to 0.09 for the CR-400, while the Nix Pro standard deviations ranged from 0 to
0.16 for each category. These are all very small deviations, which further indicate that repeated
measurements (five were made in this case) are not necessary.
In the manual color matching study with the RHS Colour Chart, the largest range of
colors chosen by student volunteers was for the purple Dianthus flower. The flower petals had a
velvety appearance, which may have contributed to the apparent difficulty of manual color
assignment. The second-largest range of colors was chosen for the periwinkle blue delphinium
flower, which featured iridescent petals. Iridescence in flower petals is notably produced by
structural adaptations, not actual pigments (Whitney et al., 2009). Flowers with special visual
properties appear to be more of a challenge for manual color matching when compared with
items that have relatively uniform colors and surface features.
The orange fruit had the smallest range of colors chosen. The orange surface is relatively
flat and mono-colored. The overall large range of colors picked manually using the RHS Colour
Chart,8 – 20 different colors per item, suggests this is not a reliable method of color assignment
when compared to the using an electronic color measuring device.
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For the final study, color difference values (ΔE) under 5 were difficult for the first author
to distinguish perceptually, but color difference values close to 10 were much easier to
distinguish. ΔE values near 50, as calculated with ‘Redhaven’ peach and ‘Gold Rush’ zucchini
squash were so visually different that they were clearly distinguishable in a black and white
image. One could easily argue that the L range, or “lightness” axis was the determining factor as
opposed to an actual color difference on the a (green/red) or b (yellow/blue) axis. It would be
useful to visually compare colors that have a difference (ΔE) of 50 due to only the a (green/red)
or b (yellow/blue) category, with the L category being nearly identical for both colored object. It
is important to understand the difference in values of each of the three (L*a*b*) axes, and not
just the overall ΔE calculation when conducting a color difference study. In other words, L*, a*,
and b* should be regarded as significant individual components of the overall ΔE value.
When choosing an instrument for color studies, precision is an important goal. One
question that cannot be fully addressed is, “Which color sensor is the most accurate?” Both
sensors are calibrated in their respective factories using proprietary methods. An independent
researcher can only compare the functions of the scanners to each other, or to the researcher’s
own eyesight. Since both sensors report values using the same color space, CIELAB in this case,
their functions can be reasonably compared. With respect to color matching using a stored
library such at the RHS Colour Chart values, the Nix Pro appears to have a niche market value.
The CR-400 is capable of storing scanned color values, but it does not have a built-in color
matching algorithm. Also, the price difference between the Nix Pro and the CR-400 is
substantial. One could easily buy 20 new Nix Pro units for the price of one single new CR-400.
Although the Nix Pro cannot be calibrated by the end-user, one could buy a new, factory-
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calibrated Nix Pro every three years (as recommended by the Nix Pro company) for a period
spanning at least 50 years before meeting the price point of one new Konica Minolta CR-400.
When considering all factors, including reliability, portability in the field, overall cost,
and special functions (particularly color matching using a stored library), the Nix Pro appears to
be a very useful tool for the professional horticulturist or plant breeder.
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Appendix

Fig. 1 The CIE (1976) color space (Sant’Anna et al. 2013b).
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Fig. 2 The Sixth Edition (2015) RHS Colour Chart consists of four fans with individually
labeled color chips. Fan 1 is shown here.
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Fig. 3 The Konica Minolta CR-400 (left) versus the Nix Pro Color Sensor (right).
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Fig. 4 There are four CIE standard geometries that refer to positioning of the source of
illumination and the optical sensor: 0/45, 45/0, 0/diffuse, diffuse/0. The Nix Pro uses (b)
45/0 geometry, while the Konica Minolta relies on (c) 0/diffuse geometry (Milic et al.,
2011).
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Fig. 5 A variety of different colored fruits and vegetables with varying skin textures were scanned
using the Nix Pro and the Konica Minolta CR-400. The hand-drawn circles show the actual area
scanned by both instruments.
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Fig. 6 A ‘Redhaven’ peach showing surface color differences. Color measurements were taken
with the Nix Pro inside each hand-drawn circle.
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Fig. 7 A ‘Gold Rush’ zucchini squash showing surface color variation. Color measurements
were taken with the Nix Pro inside each hand-drawn circle.
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Fig. 8 The first page of the first fan of the RHS Color Chart. The first two color chips (1A
Brilliant Greenish Yellow and 1B Brilliant Greenish Yellow) could not be easily distinguished
by the first author.
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Number of unique RHS Colour Chart assignments

Total number of unique RHS Colour Chart assignments per
horticultural item
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Fig. 9 Eight horticultural items including a dark purple Dianthus flower, a red geranium flower,
a fuschia geranium flower, a brown pear, an iridescent blue delphinium flower, a green lime, a
yellow lemon, and an orange fruit, were placed on a laboratory surface. Thirty-five student
volunteers took turns manually matching each item with a specific color from the RHS Colour
Chart. The bars represent the total number of unique RHS Colour Chart manual assignments
made on one horticultural item by all of the student volunteers.
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Fig. 10 A screenshot of the 3D animation featuring CIELAB data measured on a lemon and
blueberry using the both Nix Pro and the CR-400.
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Fig. 11 A screenshot of the 3D animation showing the CIELAB values measured using the Nix
Pro and the CR-400 on a single RHS Colour Chart chip, “Vivid Blue 109A.”
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Table 1 Characteristics of the Konica Minolta CR-400 versus the Nix Pro Color Sensor.
Konica Minolta
CR-400

Nix Pro
Color Sensor

Geometry

diffuse/0

45/0

Illumination

xenon

LED

Weight

255.2 g

44.2 g

Cost
Color matching
ability
Data storage
ability

Min $7000
must purchase
extra software

$350

yes
calibrate with white
plate each time
machine is turned
on; send to factory
once a year

yes
end-user can not
calibrate; Nix
recommends
buying a new
sensor every 3 years

Recommended
calibration

yes; built-in app

Table 2 Results of the CR-400 versus the Nix Pro for a red chili pepper. Twenty measurements
were repeated with each device. The L represents the “Lightness” value, where 100 represents
pure white and 0 represents solid black. The “a” value represents the red-to-green axis, where
positive values are more red and negative values are more green. The “b” value represents the
blue-to-yellow axis, where a positive b value indicates the item is more blue, and a negative b
value indicates it is more yellow.
CR-400
Nix Pro
Color Difference (ΔE)
L
a
b
L
a
b
(L1-L2)^2 11.4921
Mean
35.39
33.03
17.4
32
40.69
20.51 (a1-a2)^2 58.6756
Median
35.4
32.94
17.3
32
40.69
20.5 (b1-b2)^2
9.6721
Max
35.49
34.03
18.25
32
40.74
20.57 ΔE
8.93531
Min
35.28
32.78
17.19
31.99
40.62
20.44
StanDev
0.05
0.31
0.29
0
0.03
0.03
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Table 3 Results of the CR-400 versus the Nix Pro using a green apple. Twenty measurements
were repeated with each device. The L represents the “Lightness” value, where 100 represents
pure white and 0 represents solid black. The “a” value represents the red-to-green axis, where
positive values are more red and negative values are more green. The “b” value represents the
blue-to-yellow axis, where a positive b value indicates the item is more blue, and a negative b
value indicates it is more yellow.
CR-400
Nix Pro
Color Difference (ΔE)
L
a
b
L
a
b
(L1-L2)^2
0.6084
Mean
61.74 -19.44
41.32
60.96 -15.04
46.68 (a1-a2)^2
19.36
Median
62.56 -20.02
42.67
60.96 -15.04
46.68 (b1-b2)^2 28.7296
Max
62.89 -18.13
43.41
61.04
-15
46.71 ΔE
6.9784
Min
59.6
-20.3
38.27
60.87
-15.1
46.65
StanDev
1.23
0.9
2.18
0.04
0.02
0.02

Table 4 Results of the CR-400 versus the Nix Pro using yellow lemon. Twenty measurements
were repeated with each device. The L represents the “Lightness” value, where 100 represents
pure white and 0 represents solid black. The “a” value represents the red-to-green axis, where
positive values are more red and negative values are more green. The “b” value represents the
blue-to-yellow axis, where a positive b value indicates the item is more blue, and a negative b
value indicates it is more yellow.
CR-400
L
a
Mean
77.45
Median
77.46
Max
77.47
Min
77.43
StanDev
0.01

-0.13
-0.13
-0.1
-0.16
0.02

b

64.42
64.42
64.45
64.39
0.02

Nix Pro
L
a
78.98
78.98
79.05
78.85
0.05

Color Difference (ΔE)
b
(L1-L2)^2
2.3409
7.83
69.08 (a1-a2)^2 63.3616
7.83
69.08 (b1-b2)^2 21.7156
7.84
69.13 ΔE
9.34976
7.82
69.04
0.01
0.02
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Table 5 Results of the CR-400 versus the Nix Pro using a blueberry. Twenty measurements were
repeated with each device. The L represents the “Lightness” value, where 100 represents pure
white and 0 represents solid black. The “a” value represents the red-to-green axis, where positive
values are more red and negative values are more green. The “b” value represents the blue-toyellow axis, where a positive b value indicates the item is more blue, and a negative b value
indicates it is more yellow.
CR-400
L
a
Mean
27.43
Median
27.48
Max
27.89
Min
26.96
StanDev
0.29

0.59
0.58
0.65
0.55
0.03

b

-2.34
-2.37
-2.05
-2.63
0.19

Nix Pro
L
a
17.65
17.59
18.03
17.59
0.14

0.64
0.61
0.94
0.59
0.1

b

Color Difference (ΔE)
(L1-L2)^2 95.6484
-1.48 (a1-a2)^2
0.0025
-1.6 (b1-b2)^2
0.7396
-0.81 ΔE
9.81787
-1.6
0.28

Table 6 Results of the CR-400 versus the Nix Pro using a brown kiwi. Twenty measurements
were repeated with each device. The L represents the “Lightness” value, where 100 represents
pure white and 0 represents solid black. The “a” value represents the red-to-green axis, where
positive values are more red and negative values are more green. The “b” value represents the
blue-to-yellow axis, where a positive b value indicates the item is more blue, and a negative b
value indicates it is more yellow.
CR-400
L
a
Mean
45.12
Median
45.23
Max
45.42
Min
44.63
StanDev
0.27

5.35
5.39
5.48
5.18
0.12

b

19.61
19.58
19.96
19.39
0.16

Nix Pro
L
a
45.21
45.14
45.66
45.02
0.18

Color Difference (ΔE)
b
(L1-L2)^2
0.0081
9.49
20.12 (a1-a2)^2 17.1396
9.49
20.1 (b1-b2)^2
0.2601
9.56
20.48 ΔE
4.17227
9.46
19.98
0.02
0.12
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Table 7 Results of the CR-400 versus the Nix Pro using yellow peach. Twenty measurements
were repeated with each device. The L represents the “Lightness” value, where 100 represents
pure white and 0 represents solid black. The “a” value represents the red-to-green axis, where
positive values are more red and negative values are more green. The “b” value represents the
blue-to-yellow axis, where a positive b value indicates the item is more blue, and a negative b
value indicates it is more yellow.
CR-400
L
a
Mean
72.49
Median
72.63
Max
73.74
Min
70.9
StanDev
0.87

2.86
2.88
3.44
2.28
0.29

b

49.54
49.72
50.06
48.48
0.5

Nix Pro
L
a
80.99
80.98
81.48
80.57
0.29

Color Difference (ΔE)
b
(L1-L2)^2
72.25
9.05
48.24 (a1-a2)^2 38.3161
9.16
48.21 (b1-b2)^2
1.69
9.29
48.36 ΔE
10.5951
8.72
48.13
0.2
0.07

Table 8 Results of the CR-400 versus the Nix Pro using blush peach. Twenty measurements
were repeated with each device. The L represents the “Lightness” value, where 100 represents
pure white and 0 represents solid black. The “a” value represents the red-to-green axis, where
positive values are more red and negative values are more green. The “b” value represents the
blue-to-yellow axis, where a positive b value indicates the item is more blue, and a negative b
value indicates it is more yellow.
CR-400
Nix Pro
Color Difference (ΔE)
L
a
b
L
a
b
(L1-L2)^2 27.4576
Mean
44.84
18.06
25.94
50.08
22.37
22.26 (a1-a2)^2 18.5761
Median
44.93
18.22
26.11
50.11
22.43
22.33 (b1-b2)^2 13.5424
Max
45.15
18.51
26.41
50.27
22.48
22.4 ΔE
7.71856
Min
44.17
17.49
25.06
49.85
21.98
21.9
StanDev
0.29
0.39
0.45
0.13
0.13
0.13

Table 9 Results of the CR-400 versus the Nix Pro on ten paint chips from the RHS Color Chart. Paint chips were scanned five times
with each device. The L represents the “Lightness” value, where 100 represents pure white and 0 represents solid black. The “a” value
represents the red-to-green axis, where positive values are more red and negative values are more green. The “b” value represents the
blue-to-yellow axis, where a positive b value indicates the item is more blue, and a negative b value indicates it is more yellow.
RHS Colour Chart ID
N66B
Vivid purpleish pink

N109 A
Vivid blue

Yellow Group 9 A
Vivid yellow

Orange Group
Strong orange A

Red Group 45
Vivid red B

Nix Pro
a
b
L
a
b
61.3765
5.594 49.7875 69.5665
5.339
0.05393 0.03575 0.13533 0.16573 0.01889

6.821 -51.046
38.083
-11.43
0.08837 0.06311 0.02386 0.04104

-55.415
0.03

-8.052
79.948
88.618
2.278
85.444
0.03421 0.01483 0.00837 0.00447 0.02074

32.67
66.408
0.03937 0.09884

70.734
43.406
74.346
0.0114 0.00548 0.01342

53.528
32.838
0.03564 0.03347

40.066
63.212
30.47
0.0114 0.01304 0.03873
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Mean
Std Dev
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
Mean
Std Dev
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
Mean
Std Dev
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
Mean
Std Dev
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
Mean
Std Dev
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE

CR-400
L
51.514
0.02927
2.9808
67.0761
0.06502
8.37388
40.3865
0.06627
5.30611
333.099
19.0838
18.9074
88.79
0.01225
0.02958
106.709
30.206
11.7023
71.792
0.01924
1.11936
115.262
63.0118
13.3938
43.208
0.02049
9.87216
93.7799
5.60742
10.4527

Table 9 (Cont.)

RHS Colour Chart ID

Green Group 134
Vivid yellowish green A

Yellow-Green Group 149
Brilliant yellow green A

Violet Group 83
Deep purple B

Grey-Brown Group N199
Moderate olive brown A

Black Group 203
Black A

CR-400
L
a

52.722
0.01304
1.98246
37.9702
3.48942
6.59106
80.4667
0.00516
0.0016
62.2521
75.3135
11.7289
35.692
0.01304
4.3514
2.5154
0.49562
2.71338
39.2533
0.01033
6.9169
12.0525
9.6721
5.35177
22.2533
0.01366
49.0934
1.91823
2.47538
7.31348

Nix Pro
L

a

b

-50.28
28.514
51.314 -56.442
30.382
0.03162 0.02608 0.03782 0.02387 0.01095

-33.652
57.14 80.4267 -25.762 65.8183
0.00983 0.01789 0.00516 0.00408 0.00983

26.32 -19.614
33.606
27.906 -20.318
0.02121 0.01517 0.00894 0.01342 0.00837

0.76667 15.7183 36.6233 4.23833 18.8283
0.01966 0.02137 0.00816 0.01329 0.01472

0.79833 1.12167 15.2467 2.18333
2.695
0.03061 0.01472 0.00516
0.0367 0.02811
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Mean
Std Dev
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
Mean
Std Dev
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
Mean
Std Dev
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
Mean
Std Dev
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
Mean
Std Dev
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE

b
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Table 10 Nix Pro integrated RHS Colour Chart assignments using eight horticultural items.
Horticultural Item
1
2
3
4
5
6
7
8

Dianthus purple flower
Dark red geranium
Dark fuchsia geranium
Brown pear
Delphinium blue flower
Green lime
Yellow lemon
Orange orange

RHS Colour Chart assignment
using the Nix Pro stored library
N79-A dark purplish red
N45-B moderate red
53-C strong red
164-A brownish orange
N95-D moderate blue
146-B moderate yellow green
153-D strong yellow
N25-C strong orange

Table 11 Analysis of color difference (ΔE) values on a two-toned fruit and vegetable. Color
differences are calculated using the Euclidean color difference equation ΔE = [(L1 - L2)2 + (a1 a2)2 + (b1 - b2)2]^0.5. The L represents the “Lightness” value, where 100 represents pure white and
0 represents solid black. The “a” value represents the red-to-green axis, where positive values are
more red and negative values are more green. The “b” value represents the blue-to-yellow axis,
where a positive b value indicates the item is more blue, and a negative b value indicates it is
more yellow.
Red Haven peach
blush area
L
a
b
45
25.6
ΔE = 49.66

yellow area
L
a
10.2
75.3

Gold Rush zucchini squash
green area
yellow area
L
a
b
L
a
55.9
-16.6
44.5
74.4
ΔE = 49.70

13.1

8.5

b

b

47.5

83.2
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Table 12 Analysis of color difference (ΔE) values compared to human color discerning ability
on the RHS Colour Chart. Color differences between platforms are calculated using the
Euclidean color difference equation ΔE = [(L1 - L2)2 + (a1 - a2)2 + (b1 - b2)2]^0.5. The L represents
the “Lightness” value, where 100 represents pure white and 0 represents solid black. The “a”
value represents the red-to-green axis, where positive values are more red and negative values
are more green. The “b” value represents the blue-to-yellow axis, where a positive b value
indicates the item is more blue, and a negative b value indicates it is more yellow.
RHS Colour Chart ID
1A Brilliant Greenish Yellow A
1 B Brilliant Greenish Yellow B
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
1B Brilliant Greenish Yellow B
1C Light Greenish Yellow
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
1C Light Greenish Yellow
1D Pale Greenish Yellow
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
30-A Vivid Reddish Orange
30-B Vivid Reddish Orange
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE
N34 A - Moderate Red
N34 B - Strong Reddish Orange N34-B
(L1-L2)^2
(a1-a2)^2
(b1-b2)^2
ΔE

Nix Pro scanned values
Can the human observer
L
a
b
detect a color difference?
65.31
72.01
11.74
NO
65
72.13
14.45
0.0961
0.0144
7.3441
2.73031
65
71.45

72.13
78.11

14.45
27.28

YES

78.11
80.79

27.28
34.14

YES

32.52
34.86

5.6
4.73

9.1
19.72

3.26
4.17

41.6025
35.7604
164.609
15.5554
71.45
75.21
14.1376
7.1824
47.0596
8.2692
48.34
51.36
9.1204
5.4756
0.7569
3.91828
15.52
32.45
286.625
112.784
0.8281
20.0059

NO

YES
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Supplemental Table 1 One example page from the 1931 CIE Standard Observer table.
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Supplemental Table 2 Data from Study 1, Konica Minolta CR-400 versus the Nix Pro on a
variety of fruits and vegetables.
CR-400
L
35.28
35.49
35.29
35.35
35.39
35.45
35.39
35.4
35.37
35.39
35.38
35.39
35.41
35.4
35.4
35.4
35.43
35.42
35.42
35.44

Red Chili Pepper
a
b
33.09
17.56
34.03
18.25
33.81
18.18
32.97
17.4
32.94
17.29
32.78
17.19
32.93
17.32
32.93
17.3
33
17.28
32.99
17.3
33
17.32
32.95
17.33
32.9
17.3
32.92
17.26
32.94
17.27
32.92
17.27
32.89
17.31
32.87
17.27
32.87
17.27
32.82
17.25

Nix Pro
L
31.99
32
32
32
32
32
32
31.99
31.99
32
32
31.99
32
31.99
32
32
32
32
32
32

Red Chili Pepper
a
b
40.62
20.44
40.64
20.48
40.67
20.5
40.69
20.5
40.69
20.5
40.67
20.49
40.69
20.5
40.69
20.49
40.69
20.49
40.69
20.5
40.68
20.51
40.71
20.49
40.69
20.5
40.71
20.55
40.72
20.51
40.7
20.51
40.72
20.51
40.74
20.51
40.72
20.56
40.74
20.57
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Supplemental Table 2 (Cont.)
CR-400
L
62.61
60.26
60.42
61.35
60.81
60.89
60.2
59.94
60.69
59.6
62.5
62.84
62.81
62.83
62.85
62.89
62.79
62.82
62.82
62.81

Green
Apple
a
-20.23
-18.41
-18.46
-18.87
-18.63
-18.68
-18.37
-18.26
-18.55
-18.13
-19.82
-20.3
-20.23
-20.22
-20.22
-20.27
-20.25
-20.28
-20.28
-20.27

Nix Pro
b
43.15
38.83
38.95
39.83
39.36
39.43
38.78
38.53
39.15
38.27
42.18
43.41
43.27
43.26
43.24
43.35
43.34
43.4
43.39
43.35

L
61.04
61.02
60.96
60.98
60.99
60.98
60.96
60.91
60.94
60.97
60.97
60.99
60.96
60.96
60.96
60.95
60.93
60.89
60.93
60.87

Green
Apple
a
-15.1
-15.06
-15.04
-15.05
-15.06
-15.04
-15.05
-15.04
-15.04
-15.04
-15.04
-15.04
-15.03
-15.02
-15.03
-15.02
-15.02
-15.02
-15.02
-15

b
46.67
46.69
46.66
46.67
46.68
46.68
46.69
46.67
46.68
46.71
46.71
46.7
46.7
46.69
46.68
46.67
46.65
46.68
46.67
46.65
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Supplemental Table 2 (Cont.)
CR-400
L
77.46
77.44
77.43
77.44
77.43
77.43
77.46
77.45
77.44
77.47
77.45
77.46
77.46
77.46
77.47
77.45
77.46
77.46
77.46
77.46

Lemon
a
-0.13
-0.13
-0.11
-0.11
-0.12
-0.1
-0.13
-0.13
-0.11
-0.14
-0.12
-0.12
-0.14
-0.14
-0.14
-0.11
-0.13
-0.15
-0.16
-0.15

b
64.4
64.42
64.39
64.4
64.39
64.39
64.43
64.43
64.42
64.42
64.41
64.41
64.41
64.43
64.39
64.42
64.42
64.44
64.45
64.43

Nix Pro
L
79
79.03
79.02
78.97
79.01
78.99
79
78.96
79.01
78.89
79
79.05
78.98
78.98
78.85
78.98
78.95
78.96
78.95
78.95

Lemon
a
7.82
7.82
7.82
7.82
7.82
7.82
7.83
7.83
7.82
7.83
7.82
7.82
7.83
7.83
7.84
7.83
7.83
7.84
7.83
7.83

b
69.07
69.1
69.09
69.09
69.08
69.1
69.08
69.08
69.09
69.04
69.1
69.13
69.09
69.07
69.04
69.09
69.08
69.06
69.07
69.07
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Supplemental Table 2 (Cont.)
CR-400
L
27.68
27.28
27.71
27.63
27.89
27.65
27.76
27.54
27.58
27.37
27.05
27.45
26.96
27.42
27.5
27.34
27.76
27.09
27.07
26.96

Blueberries
a
0.55
0.56
0.57
0.56
0.58
0.59
0.58
0.58
0.58
0.58
0.57
0.59
0.62
0.6
0.6
0.59
0.58
0.62
0.65
0.65

b
-2.53
-2.49
-2.62
-2.46
-2.63
-2.45
-2.57
-2.36
-2.32
-2.18
-2.11
-2.38
-2.15
-2.42
-2.26
-2.2
-2.38
-2.05
-2.08
-2.1

Nix Pro
L
17.63
17.6
17.6
17.6
17.59
17.59
17.59
17.59
17.59
17.59
17.59
17.59
17.59
17.59
17.59
17.59
17.6
18.03
17.91
18

Blueberries
a
0.62
0.59
0.59
0.59
0.61
0.61
0.61
0.61
0.61
0.61
0.61
0.61
0.61
0.61
0.61
0.61
0.59
0.67
0.91
0.94

b
-1.58
-1.57
-1.57
-1.57
-1.6
-1.6
-1.6
-1.6
-1.6
-1.53
-1.6
-1.6
-1.6
-1.6
-1.6
-1.6
-1.57
-0.85
-0.85
-0.81
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Supplemental Table 2 (Cont.)
CR-400
L
45.22
45.32
45.42
45.14
44.97
44.71
45.17
44.85
44.64
44.71
44.63
45.41
45.42
45.39
45.3
45.27
45.27
45.23
45.25
45.11

Kiwi
a
5.4
5.26
5.38
5.27
5.26
5.24
5.22
5.19
5.21
5.2
5.18
5.45
5.47
5.45
5.48
5.48
5.46
5.46
5.47
5.44

b
19.96
19.93
19.87
19.69
19.59
19.51
19.6
19.48
19.42
19.45
19.39
19.63
19.63
19.63
19.58
19.58
19.57
19.56
19.54
19.5

Nix Pro
L
45.66
45.6
45.46
45.27
45.24
45.32
45.24
45.13
45.19
45.12
45.14
45.12
45.21
45.05
45.1
45.1
45.03
45.09
45.02
45.06

Kiwi
a
9.56
9.54
9.5
9.48
9.48
9.5
9.48
9.48
9.48
9.48
9.48
9.48
9.5
9.46
9.5
9.5
9.48
9.5
9.49
9.5

b
20.48
20.34
20.26
20.15
20.14
20.19
20.14
20.07
20.1
20.07
20.1
20.09
20.11
20.02
20.04
20.04
20.02
20.01
19.98
20.02

143
Supplemental Table 2 (Cont.)
CR-400
L
73.74
71.78
71.33
73.58
70.9
73.51
73.27
71.78
72.5
71.36
73.14
73.34
72.56
72.79
72.76
72.34
72.69
71.86
71.31
73.23

Peach Yellow
a
b
2.6
49.91
2.51
48.83
2.53
48.62
2.69
49.93
2.67
48.48
2.84
50.02
2.8
49.98
2.77
49.12
3.12
49.72
3.08
49.09
3.1
50.01
3.09
50.01
3.02
49.81
3.16
50.06
2.92
49.92
2.46
49.31
3.1
49.72
3.03
49.29
3.44
49.57
2.28
49.37

Nix Pro
L
81.48
81.42
81.08
81.33
81.41
81.27
81.27
80.99
80.76
80.81
80.87
80.9
81.03
80.99
80.97
80.78
80.61
80.61
80.65
80.57

Peach Yellow
a
b
8.72
48.35
8.73
48.34
8.77
48.3
8.77
48.36
8.87
48.33
8.91
48.31
8.92
48.33
8.98
48.25
9.05
48.21
9.16
48.21
9.16
48.18
9.16
48.21
9.16
48.21
9.18
48.2
9.2
48.18
9.21
48.2
9.23
48.17
9.24
48.17
9.27
48.15
9.29
48.13
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Supplemental Table 2 (Cont.)
CR-400
L
44.98
45.15
45.1
45.12
45.02
45.06
44.91
44.71
44.59
45.14
45.07
44.95
44.17
45.08
44.89
44.79
44.76
44.37
44.47
44.42

Blush
Peach
a
18.46
18.51
18.45
18.46
18.45
18.44
18.32
18.28
18.24
18.21
18.22
18.11
18.11
17.55
17.49
17.56
17.57
17.56
17.61
17.62

Nix Pro
b
26.28
26.4
26.36
26.41
26.34
26.39
26.25
26.09
26.03
26.24
26.21
26.13
25.78
25.74
25.76
25.42
25.27
25.06
25.36
25.26

L
49.85
49.93
50.05
49.9
49.87
49.9
50.12
50.21
50.16
50.22
50.18
50.27
50.21
50.2
50.13
50.1
50.11
50.07
50.04
50.07

Blush
Peach
a
21.98
22.16
22.22
22.26
22.28
22.29
22.34
22.39
22.39
22.43
22.43
22.46
22.45
22.47
22.46
22.45
22.46
22.45
22.46
22.48

b
21.9
22.11
22.12
22.11
22.14
22.16
22.24
22.29
22.29
22.33
22.37
22.4
22.4
22.34
22.34
22.33
22.34
22.35
22.35
22.35
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CONCLUSIONS
The identification of genetic markers associated with desirable or even undesirable traits
in fruit crops can be exploited for the development of DNA-based tests. These tests can be used
to screen young plants years before fruit development occurs, saving considerable time and
reducing costs during new cultivar development. Here we have identified four peach QTLs for
expressible juice, four QTLs for mealiness, five QTLs for soluble solids, and three QTLs for fruit
weight, which can be used as the basis for creating DNA tests. This is the first known study to
identify QTLs for expressible juice, and our results will be shared on the Genome Database for
Rosaceae (www.rosaceae.org) for free access to other Rosaceae researchers and breeders.
Since the muscadine genome has not yet been sequenced, identifying QTLs for specific
traits remains challenging. We have, however, contributed to the pool of muscadine genomics
knowledge by creating densely saturated linkage maps for two muscadine populations. Our
research supports others who have proposed either a chromosome fusion event or a chromosome
splitting event to explain the difference in chromosome number between the muscadine, Vitis
rotundifolia, (2n=40), and the European wine grape, Vitis vinifera, (2n=38). The muscadine
flower sex locus was mapped to chromosome 2, and the berry color locus was placed on
chromosome 4. Our dense linkage maps lay the groundwork for marker-assisted breeding in
muscadine and provide insight on the evolution of Vitis species as well as the genetics of sex
determinism and anthocyanin expression.
Colorimeters are scientific instruments for assessing color objectively. The current most
common method of color assignment in horticulture is by manual assessment using the Royal
Horticultural Society (RHS) Colour Chart, which currently has 920 unique color chips. Our
study suggests color assessment of plants, flowers and fruits can be greatly improved by utilizing
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a new, hand-held, LED-based colorimeter called the Nix Pro Color Sensor™. The RHS Colour
Chart data can be combined with the Nix Pro for rapid and precise color assignment. Although
scientific colorimeters have already been available, the Nix Pro has many advantages when
considering all factors. The Nix Pro demonstrates reliability in color assessment, and when
specifically compared to the commonly used Konica Minolta CR-400 colorimeter, the Nix Pro
has improved portability in the field due to its small size. The Nix Pro costs considerably less
than a new Konica Minolta CR-400, and the Nix Pro has a built-in color matching function that
can be used with many stored libraries, including the RHS Colour Chart. Based on our
evaluation, the Nix Pro will potentially be a very useful tool for the professional horticulturist or
plant breeder.

